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FOREWORD 


This document is the final report for Contract NAS8-26579, 
"Thermal Conductivity of Heterogeneous Mixtures and Lunar Soils." 

The work was performed by R. I. Vachon, A. G. Prakouras, R. A. Crane 
and M. S. Khader of Auburn University, Department of Mechanical 
Engineering, for the National Aeronautics and Space Administration, 
George C. Marshall Space Flight Center. The period of performance 
of this study was from October 1970 to October 1973. 



ABSTRACT 


The heat transport properties of the lunar soil are important 
in determining the thermal response of the lunar surface. This informa- 
tion leads toward a wider understanding of the nature of the moon 
and ultimately of the universe itself. The study to be described in 
this report concerns itself only with one aspect of the greater problem; 
the theoretical evaluation of the effective thermal conductivity of 
granular materials. The basic approarch has been entirely analytical 
as others have previously undertaken direct heat transfer measurements. 
This work supplements the experimental results of the thermal probe 
on the Apollo 17 mission as well as the experiments performed 
on lunar samples which have been returned from previous Apollo missions. 
Moreover the results are intended as an aid in future evaluation of 
the extensive scientific data from both the manned and unmanned 
exploratory probes. The basic formulation is intended to be as general 
as possible; this allows application of the final results not only to 
terrestial bodies which are yet to be explored but also to a wide 
range of non-space related technological applications. These include 
such diverse engineering applications as nuclear power generation, 
petroleum production, food processing, chemical production, underground 
energy transmission and thermal insulation design. In addition 


xiii 



analogous diffusion type problems are met in work concerning magnetism, 
electricity and hydrodynamics. 
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NOMENCLATURE 


A. Roman Alphabet 


Symbol 

Dimensional Units 

A 

Cross-sectional area 


I(T) 

Rosseland mean absorption coefficient 


B 

[k d /C(k c - k d )J 


C 

Geometrical constant 


d 

Particle diameter 

m 

D 

One dimensional solid fraction 

m 

D a 

Lower truncation point of granules 

m 

°b 

Upper truncation point of granules 

m 

°P 

Effective pore size 

m 

<Vc 

Effective pore size for conduction 

m 

<Vh 

Hydraulic diameter 

m 

e 

Emissivity 


E 

Young's modulus 

N/m 2 

F 

Ratio of constituent temperature 
gradients 


F i 

Force between particles 

N 



Frequency function 
Depolarization factor 

Gravitational acceleration 

Temperature jump distance 

Coefficient associated with surface 
micro roughness 

Wiener's constant 

Conductivity of continuous phase 

Contact conductivity 

Conductivity of discontinuous phase 

Effective conductivity 

Conductivity of gaseous phase 

Conductivity of gaseous phase at 
reduced pressures 

Coefficient associated with microgaps 
at contact areas 

Radiant conductivity 

Conductivity of solid phase 

Effective conductivity for uniform heat 
flux 

Wiener's parallel phase effective 
conductivity 


2 

m/sec 

m 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 

kcal/m-hr-°K 



\ 

Wiener's series phase effective 
conductivity 

kcal/m-hr-°K 

k ‘„ 

Effective conductivity for parallel 
isotherms 

kcal/m-hr-°K 

Kn 

Knudsen number 


m 

Hamilton's shape factor 


M 

Measure of sample size 


n 

Coordination number 


N 

Grid Size 


N c 

Number of contact points per unit 
volume 


P 

Pressure 

N/m 2 

Pi J 

Pressure tensor 

N/m 2 

Pb 

Breakaway pressure 

N/m 2 

P 

Volume fraction of continuous phase 
(porosity) 


P 1 

One dimensional solid fraction 


Pr 

Prandtl number 


Q 

Total heat transfer 

kcal/hr 

V 

Radiation heat flux 

kcal/hr-ft 2 

r 

Sphere radius 

m 

r c 

Contact area radius 

m 

R c 

Contact resistance 

hr-°K/kcal 

\ 

Total conduction thermal resistance 

hr-°K/kcal 

R e 

Effective bulk resistance 

hr-°K/kcal 


xvi i 




R 1 

Effective element resistance 

hr-°K/kcal 

\ 

Resistance to heat flow due to 
contraction of heat flow lines 

hr-°K/kcal 

R o 

Resistance due to oxidizing film 

hr-°K/kcal 

R s 

Resistance of solid sphere with two 
contact areas 

hr-°K/kcal 

s 

Resistance due to microroughness 
of solid particles 

hr-°K/kcal 

R 1 

Solid particle thermal resistance 

hr- 0 K/kcal 

s 

Molecular diameter 

m 

s 

Two-dimensional solid fraction 


T 

Temperature 


w 

Overrelaxation factor 


X 

Sample dimension 

m 

x o 

Radius of deformed particle 

m 

v h 

Mean void equivalent hole volume 

n, 3 

z 

Depth below the surface 

m 


8. Greek Alphabet 


a 

Thermal accommodation coefficient 


6i J 

Kronecker delta 


£ 

Local solid fraction 


e 

Bulk solid fraction 


X 

Molecular mean free path 

m 

x 

Effective molecular mean free path 

m 

V 

Mode of solid or void fraction 


VI 

Mode of one-dimensional solid fraction 
xv i i i 




Poisson's ratio 
Density 

Solid material density 

Surface material density 

Standard deviation of solid or void 
fraction 

Standard deviation of one-dimensional 
solid fraction 

Stefan-Boltzman constant 

Local solid fraction 


kgr/m 3 

kgr/m 3 

kgr/m 3 


kcal/m 2 - 0 K^ 



I. INTRODUCTION AND OUTLINE OF REPORT 


Considerable effort has been expended over the past sixty years 
to find means of calculating the effective thermal conductivity of 
heterogeneous mixtures from the conductivities of the individual com- 
ponents [1-128]? Interests in developing techniques for such calcu- 
lations have been motivated by the widespread applications of hetero*- 
geneous mixtures in such diverse fields as nuclear power generation [21], 
food processing [76], chemical industry [75], process equipment design 
[37], geology [23], petroleum production [36], thermal insulation 
design [26], cryogenics [60] and foundary work [58]. 

About three years ago researchers at the Marshall Space Flight 
Center in Huntsville were working on the development of a thermophysical 
model of the lunar surface. During the course of this development it 
was found that a method of predicting the effective thermal conductivity 
of the lunar soil was required. A review of the available literature 
indicated that application of the proposed correlations to the case of 
lunar soils resulted in considerable error between analytical and 
experimental values. As a result, a study was undertaken at Auburn 
University to determine the causes of failure and develop new correla- 
tions. The scope of this study is to extend or develop analytical 
* 

Numbers in brackets refer to references cited. 


1 
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techniques of predicting the constant thermal conductivity of hetero- 
geneous mixtures and include methods for the prediction of variable 
thermal conductivity. The techniques developed in this report are 
as generally applicable as possible, but specific enough for the 
analytical results to be compared with experimental data for many 
classes of heterogeneous mixtures, and in particular with the experi- 
mental results on basalt powders under vacuum conditions. 

The term heterogeneous mixtures encompasses a large number of 
sinqle-phase, two-phase or multi-phase physical systems, an excellent 
classification of which is given in [70]. The common characteristics 
of all these systems, with respect to the conduction of heat, is the 
thermal conductivity and volume fraction of each individual phase. 

Apart from these characterise cs , the conduction of heat in heterogeneous 
mixtures in general depends on the following parameters. 

1. Particle shape and size distribution; 

2. Pore shape and size distribution; 

3. Coordination number; 

4. Contact resistance. 

Obviously, all parameters do not enter the problem for each class of 
heterogeneous mix-cures. For example, in the determination of the 
effective thermal conductivity of emulsions and suspensions the last 
three parameters are not relevant. The relevant parameters in each 
case can be determined by considering the modes in which heat is 
transferred through the mixture. It has been generally agreed by the 
investiqators that the transfer of energy occurs by three mechanisms 
[29, 30, 32]. 
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1. Through the voids by conduction, convection and radiation; 

2. Through a series path consisting of an effective solid-path 
length and void-path length; 

3. Through the solid phase, the enerqy flowing from one 
particle to the next throuah the area of contact. 

The extent to which each mechanism influences the overall heat transfer 

process depends on the geometry of the system under consideration, 

together with the environment the heterogeneous mixture is subjected 

to, as defined by temperature, pressure, and mechanical loading conditions. 

The effective thermal conductivity of a heterogeneous mixture may 
be defined as the ratio of the overall heat flux to the overall tem- 
perature gradient. This approach requires that the material be 
treated as a continuous single phase so that the temperature distri- 
bution predicted by such a model coincides with that of the physical 
system only "in the large" [4]. This concept has proven to be a very 
effective tool in predicting the transfer of heat through heterogeneous 
systems, the dimensions of which are much larger than the dimensions 
of the individual components. 

Construction of a model that represents reasonably well hetero- 
geneous materials has proved to be a difficult problem. Calculation 
of the effective conductivity of this model has proved to be equally 
complex. The difficulty does not arise from ignorance of the 
fundamental laws involved but from complications in applying them [20]. 

A detailed solution of the conduction problem would require knowledge 
of the shape, size, location and conductivity of each particle in 
the system, together with the interactions between particles. Further- 
more, a complicated numerical method of solution would be required. 
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To overcome these difficulties, investigators have generally followed 
two methods of approach. 

1. A basic repeated structural unit that represents reasonably 
well the heterogeneous mixture has been isolated, and equations 
have been derived from special geometries of this unit cell based on 
the assumption that heat flows in straioht lines, normal to parallel 
isothermal planes. 

2. Based on the assumption of a reaular or random distribution 
of spherical particles in such small concentrations that there is no 
field interaction, the temperature distribution in the system is 
determined. Subsequently, the effective thermal conductivity of 
the system is evaluated from the Fourier-Biot law. 

In this study both methods have been analyzed and refined, so 
that they can be applied to many classes of heterogeneous mixtures, over 
a wide range of pressures and temperatures. In the proposed developments, 
consideration will be primarily directed to two-phase granular systems 
and powders for which the following assumptions are valid. 

1. The thermal properties of the constituents are both homogeneous 
and isotropic; 

2. All samples are larqe in comparison with individual particle 

size; 

3. All samples contain a sufficient number of particles so that 
they can be considered typical of the selected packing; 

4. The convective component of heat transfer is sufficiently 
small to be neglected. 

The first three assumptions are consistent with the concept of the 
effective thermal conductivity of granular materials, and permit one 
to extend the results obtained from the analysis of a unit cube of the 
material to the packing as a whole. The fourth assumption is based on 
the studies of Waddams [6] and Wilhelm et al [37] who concluded that 
natural convection is negligible for pressures below 10 atmospheres, and 
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particle diameters less than 3 to 6 mm. Consequently for most granular 
materials and powders the transfer of heat by natural convection is 
negligibly small . 

In Chapter 2 of this report the background information, consisting 
of prominent models proposed in the literature, is presented. The 
available heat transfer models for heterogeneous systems are classified 
as being either flux law models or Ohm's law models. The Ohm's law 
models are further classified according to the heat flow assumptions 
as being either uniform heat flux models or parallel isotherms models. 

In Chapter 3 several representative models have been applied to 
172 granular materials, and the calculated values have been compared 
to experimental results. The comparisons are presented in a graphical 
form. A careful analysis of Figures 3-1 through 3-17 indicates that 
the discrepancy between the analytical models and the physical granular 
systems can be attributed to one of the following causes. 

1. Failure to account for finite particle contact area; 

2. Failure to utilize a realistic geometry, or a realistic 
distribution of the two phases; 

3. Idealized heat flow assumptions. 

As a result of this analysis, the aim of this study has been focused 
on an attempt to develop models in which the above three sources of 
error are partially or totally eliminated. 

The effect of the uniform heat flux and parallel isotherms assump- 
tions on the predicted thermal conductivity of randomly packed granular 
systems has been investigated in Chapter 4. Special attention has been 
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directed to the idealized heat flow assumptions, because the possibility 
of utilizing either one simplifies considerably the problem. However, 
application of the uniform heat flux assumption to a physically realistic 
probabilistic model results in calculated effective conductivities 
that are too low, whereas application of the parallel isotherms assumption 
results in calculated effective conductivities that are too high. The 
reason for such behavior is that infinite and zero conductivities in 
the normal to the heat flow direction are associated with the parallel 
isotherms and uniform heat flux assumptions respectively. 

In Chapter 5 a parallel isotherms probabilistic model has been 
developed. This model is based upon an extension of concepts originally 
proposed by Tsao [8], on the basis of which the effective thermal con- 
ductivity can be expressed in terms of the mode, y, and the standard 
deviation, o, of the one dimensional porosity as introduced by Tsao. 

The mode, y, has been approximated by the bulk porosity of the granular 
system, and the standard deviation, a, has been correlated to the solid 
volume fraction only, on the basis of experimental evidence. The 
resulting equation has been used to determine the effective thermal 
conductivity of packed beds with solid fractions between 0.30 and 0.70. 

The same basic concepts have been applied in the development of 
the stochastic model of Chapter 6. Noting that the effective conductivity 
tends to reach a fixed value for a sufficiently large, limiting ex- 
pressions have been developed for the effective thermal conductivity 
utilizing both the parallel isotherms and the uniform heat flux assumptions. 
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Then, rather than assuming both an unrealistic heat flow model and a 
distorted distribution, an experimentally derived correlation factor 
has been obtained for each of the limiting expressions. In addition, 
an experimentally derived weighting factor has been obtained relating 
both limiting expressions to experimental data. 

In Chapter 7, the packing characteristics of random heterogeneous 
mixtures have been utilized to define the phase distribution in a unit 
cube of a granular material, by extending the digital simulation technique 
originally proposed by Baxley and Couper [20]. The temperature dis- 
tribution in the unit cube was then determined assuming both three- 
dimensional heat transfer, potential field interaction, and contact 
resistance between particles. Finally, the effective thermal conductivity 
of the material was determined by summing heat flows in the direction 
of the mean heat flow only. 

All models discussed up to this point are generally applicable 
to granular materials at interstitial gas pressures ranging from 
atmospheric to vacuum. In particular, for a vacuum environment, the 
basic modes of heat transfer are conduction through the granules and 
contact areas, and radiation. This situation is analyzed in Chapter 8 
on the basis of a parallel isotherms model consisting of an array of 
spheres. The effect of changes in bulk density and mechanical loading 
with depth are included, and compared to experimental data on lunar fines. 

In Chapters 9 and 10 the results obtained by all models are com- 
pared and evaluated with respect to the simplifying assumptions in- 
troduced in each model. Moreover, recommendations are made concerning 
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the extent of the applicability of each model and the areas where 
more work is required in order to improve the dependability of the 
predicted effective thermal conductivity values. 

The dependence of the effective thermal conductivity on pressure 
and temperature, at reduced interstitial gas pressures, has been 
generally recognized and treated extensively in the literature. Re- 
duction of pressure to extremely low values decreases the effective 
thermal conductivity of the system by one or more orders of magnitude 
[62]. This has been attributed to the decrease of the apparent gas 
conductivity when the mean free path of the gas molecules is of the 
same order of magnitude or larger than the effective pore size, as 
indicated in Appendix A. Also, at very low pressures, experimental 
evidence shows that the effective thermal conductivity of the system 
is very sensitive to temperature changes [3], indicating that radiative 
heat transfer between particle surfaces is a controlling factor. The 
aspects of radiation heat transfer are treated in Appendix B. 

In the case of heat flow in granular systems "in vacuo", the con- 
vergence of the heat flux lines to the contact areas between particles 
is characterized by the contact resistance, as indicated in Appendix C. 

It is evident that for the development of an accurate model for 
the prediction of the conductivity of granular systems, the geometry 
of the model should rely heavily on the characteristics of packed beds. 
A short review of the advances in packing theory is presented in 
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of packed beds are of particular 
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importance to the heat transfer problem. These are the effective pore 
size and the coordination number, and are treated separately in 
Appendices D and E respectively. 

In summary, the content and results of this report are as follows: 

1. A critical review and classification of previously published 
models is presented together with a review of the parameters associated 
with the flow of heat through granular systems; 

2. Previously published models have been compared to a large 
number of experimental data, the results have been evaluated with respect 
to the basic assumptions introduced in the development of each model, 
and the causes of failure have been summarized; 

3. A theoretical development is presented about the effect that 
the assumptions of uniform heat flux and parallel isotherms have on 
the calculated effective thermal conductivity, and the theory has been 
substantiated by experimental evidence; 

4. Four new models based on recent results of packing theory 
have been developed, and have been successfully applied to granular 
materials for a pressure range from atmospheric to vacuum; 

5. The sources of error for all models have been analyzed and 
related to the geometry and modes of heat transfer; 

6. Detailed recommendations with respect to the geometric parameters 
required for the description of a generalized physically realistic 

model have been presented; 

7. The results of all models have been utilized in the construction 
of a recommended physically realistic model, which cannot be analyzed 
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at present due to lack of experimental data required for the determination 
of a number of the parameters. 



II. BACKGROUND 


Because of the broad occurence of systems involving heat transfer 
in granular materials, considerable attention has been given to the 
formulation of a model to allow the prediction of the effective 
thermal conductivity. Unfortunately, the complexity of the mechanisms 
contributing toward heat flow is such that no truly satisfactory model 
has been obtained. The continued proliferation of alternate models 
attests to these difficulties. Nevertheless progress has been made 
in developing a representative model and it is now possible to deter- 
mine the effective thermal conductivity of systems whose constituent 
conductivities are of similar magnitudes. 

Available heat transfer models for heterogeneous systems are 
generally classified as being either flux-law models or Ohm's law 
models. The flux law model appears to have received the earliest 
attention and will be discussed first here. 

Flux Law Models 

Flux-law models are characterized by their general approach to 
the determination of the effective thermal conductivity. First a 
solution is found to the equation describing the temperature field. 

The heat flow and temperature gradient are also sought. The Fourier- 
Biot law of heat conduction is then applied to determine the effective 
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thermal conductivity. The principal advantage of this approach lies 
in the fact that the actual curvature of heat flux lines and isotherms 
may be taken into account. Most of the methods applicable to heat 
transfer in heterogeneous materials were originally developed for use 
in electrical theory, magnetism or hydrodynamics. However each case 
is applicable to heat transfer in heterogeneous systems in that the 
same mathematical equations apply. 

In considering a cube of heterogeneous material containing a 
single particle, the fundamental heat conduction equation may be written 
separately in each of the two phases. It is stipulated that the boundary 
conditions require a continuous temperature distribution and a 
continuous heat flux within the field. If each phase is itself 
isotropic and homogeneous the equations reduce to the form of Laplace's 
equation. Solutions of this equation are well known. 

Maxwell [9] used this technique in finding an expression for the 
effective conductivity of a suspension of spheres 



y2k c -2c(k c -k d ) 

W r < k c- k d> 


(2-1) 


In the derivation of this equation, it was assumed that the spheres 
were at sufficient distances from one another that the disturbance of the 
flux lines around each particle did not extend to neighboring particles. 
It follows that the geometry of the array of particles does not influence 
the effective thermal conductivity wherever Eouati nn arm 1 ioc 

v I — — - ■ ” \ / r r 

Several authors have worked to extend the model for dilute 
suspensions to include solids of alternate geometries. Burgers [10] 
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and Fricke [11] developed equations for disperse suspensions with 
ellipsoidal solid particles. Many particle shapes, including flakes, 
spheres and needles, may be approximated by ellipsoids by properly 
selecting the relative size of the semi -principal axes. Burgers' 
equation was 


= Q-Qk c + ^ k d 

e (1-7) + 7 f 


( 2 - 2 ) 


In this relation F represents the ratio of the overall average 
temperature gradient in the discontinuous phase to that in the continuous 
phase. This ratio was found to be given by 

The factor, f ^ , referred to as the depolarization factor, depends on 
the length of the semi-principal axes of the ellipsoid. These factors 
have been normalized such that ^ f.. = 1. If the three semi- 
principal axes are equal the particles become spheres and Equation (2-2) 
reduces to Equation (2-1). 

DeVries [12] applied Equation (2-2) to granular materials in 
calculating the thermal conductivity of soils. He found that if 
0 k c j/k c <_ 10 then the error obtained from Burgers' equation would be 
less than 10%. Obviously if the conductivities of the constituent 
phases are sufficiently close there will be very little disturbance in 
the flux lines around the particles. Thus the restriction stated by 
Maxwell is satisfied even though the particles are in close proximity. 
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Hamilton and Grosser [13] extended Burgers' development to include 
particles of arbitrary shape. The particle shape was defined in terms of 
spheric! tity, ip, that is in terms of the ratio of the surface area 
of a sphere compared to that of a particle having the same volume [66]. 

An empirical relation was developed giving the ratio of the average 
temperature gradients, F, as a function of the sphericity and the 
constituent conductivities. The modified Maxwell equation used by 
Hamilton and Crosser is 

k d + (m-l)k c - (m-1 ) e (k c - k d ) 

k c (m-l)k c + r (k c - k d ) (2 ' 3) 

where m = 3/*. It was found that whenever 0 <_ k d /k c <_ 100 the shape 
of the solid particles had little influence on the overall conductivity 
of disperse systems. For spherical particles (ip = 1) Equation (2-3) 
reduces to Maxwell's equation. 

Lord Rayleigh [14] considered the case in which the interaction 
between particles could no longer be neglected. In essence Laplace's 
equation was solved to find the potential field in and about a single 
spherical particle. Noting that the Laplace equation is linear it 
was then possible to utilize the principle of superposition to determine 
the equivalent field for a given particle distribution. Using a cubic 
array Lord Rayleigh, with a slight correction given by Runge [15], 
obtained 
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It should be noted that this equation reduces to Maxwell's equation 
whenever e is sufficiently small that the last term in the numerator 
and denominator may be neglected. Meredith and Tobias [16] have followed 
Lord Rayleigh's development including a larger number of terms from 
the infinite series defining the temperature field. The equation 
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Both equations compare closely with available experimental results 
obtained for spheres packed in a cubic geometry. However these 
equations do not appear applicable to systems with widely differing 
constituent conductivities [16]. Moreover, results do not compare 
favorably with those obtained for random packing of spheres. The 
explanation for this descrepancy is offered by Laubitz [17] that 
although the mathematics is exact the model is so artificial that 
it radically departs from real powders. 

Bruggeman [18] allowed both for particle size variation and 
arbitrary particle orientation, by assuming that various elements 
of the same type have in their neighborhood all possible distributions 
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of elements of all possible types, in the same frequency in which 
the different types are encountered in the two-phase mixture. He 
applied Maxwell's equation to find the effective conductivity of an 
arbitrary two-phase system, and then using this value as the con- 
ductivity of the continuous phase he applied Maxwell's equation again 
to find the effective conductivity when one more particle is added 
to the system. If this process is repeated indefinitely, for an 
infinite particle size range, the effective conductivity approaches 
a limit given by 



Using the same basic approach but accounting for only two additions 
of the solid particles, Meredith and Tobias [19] obtained a second 
relation 



4k c - 2k d - 2 £ (k c -k d ) ‘ 


4k c + 2k d - e(4k c' k d ) 
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(2-7) 


Baxley and Cooper [20] utilized a digital simulation technique 
to describe heat transfer in heterogeneous materials. The model 
incorporated a random placement technique to arrange solid cubes in 
a square array. The Laplace equation was then written for the entire 
two phase region and was solved utilizing a numerical relaxation 
technique. Once having obtained the proper temperature distribution 
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for the system, the effective conductivity was obtained by applying 
the Fourier-Biot law. The resulting equations were given in terms 
of a computer code. Calculational results obtained from the model 
appear to correlate data for suspensions with good accuracy. The 
authors note that solid particles of any shape could be considered 
by constructing such particles from sufficiently small cubes. The 
success of this technique has motivated the construction and analysis 
of a similar model for powders and granular materials, which is one 
of the subjects of this study. 

Summarizing the flux law models it is found that they may be 
generally categorized as extensions of the Maxwell model or as finite 
difference models. The models derived from Maxwell's formulation may 
suffer from one or more of a series of shortcomings as applied to 
granular systems. Maxwell's original equation failed to account for 
the interaction of the flux lines around particles. Other equations 
are restricted to a regular and quite unrealistic array. Each 
breaks down when applied to systems in which the conductivity of the 
discontinuous phase is several orders of magnitude larger than that of 
the continuous phase. Ideally, for systems in which the solid particles 
touch, k e /k c should approach infinity as approaches infinity; 

however, this condition is not met in these equations [16], The 
reason for this discrepancy appears to be explained by Meredith and 
Tobias. They suggest that it is due to the neglection of higher order 
terms in the equation defining the temperature distribution. Thus, 
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these equations do not appear applicable to the case of granular 
systems in a medium of extremely low conductivity. 

Ohm's Law Models 

The mathematical complexity of the formulation and solution of 
the flux law model has precluded consideration of anything but the 
simplest shaped particles and arrangements. Since these formulations 
have not proved satisfactory in describing most physical systems of 
randomly packed powders, attention has more recently centered around 
alternate approaches. Here the Ohm's law model has been used extensively. 
This model bypasses the determination of the temperature field and seeks 
instead to evaluate the equivalent thermal resistance for a given array. 

Wiener [7] was among the first to apply the electrical analogy 
to the problem of heat transfer in heterogeneous systems. While he did 
not obtain an expression for the effective thermal conductivity, it 
was shown that the value would lie between those predicted by the following 
formulas : 
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These two equations, referred to as Wiener's bounding formulas 
(Wiernerschen Grenzformeln) , represent the cases in which the component 
resistances are arranged respectively in series. Figure (2-2a). and 
in parallel, Figure (2-la) while Equations (7-8) and (2-9) establish 
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(a) Parallel Model (b) l.oeb's Model 


FIGURE 2-1. UNIFORM HEAT FLUX MODELS 



(a) Series Model (b) Jefferson's Model 


FIGURE 2-2. PARALLEL ISOTHERMS MODELS 
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upper and lower bounds on the effective conductivity they are not 
intended to be used to calculate the actual value. This is because 
the effective conductivity of the system is strongly influenced by 
the constituent's arrangement [21]. Since neither case corresponds 
to the actual geometrical arrangement neither formula is satisfactory 
for such cases. 

Several applications have been made of Wiener's results. Note 
that Equation (2-9) represents the effective thermal conductivity as the 
weighted arithmetic mean of the constituent conductivities; Equation 
(2-8) represents the thermal conductivity as the weighted harmonic 
mean. Lichteneker [22] proposed an equation in which the effective 
conductivity corresponded to the weighted geometric mean 



Woodside and Messmer [23] report that this equation is generally valid 
for the range 0 < k d /k c < 20. Whenever k d /k c exceeds 20 the Lichteneker 
equation overestimates the effective conductivity. 

Bruggeman [l8] states that Equation (2-10) allows for random 
orientation of particles in two directions only. For a truly three- 
dimensional random dispersion he generalized the Lichteneker equation 
to obtain 

k = k [(1-7) (l-kl)] k 7[l+k(l-7)] 

e c d 


( 2 - 11 ) 
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where 
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Another method of generalizing Wiener's results involves geometrically 
rearranging the physical system. It would seem reasonable that, since 
the parallel and series arrangements represent the limiting cases, an 
equivalent system composed of elements acting partly in parallel and 
partly in series could be used to represent the physical system. 

Several authors have approximated a granular system by representing 
the solid particles as cubes arranged in a cubic lattice. The uniform 
spacing between particles is maintained such that the idealized system 
retains the proper volume fractions. A typical unit cell of this model 
is represented in Figure (2-3a). It is assumed that the effective thermal 
conductivity may be determined by considerinq the equivalent electrical 
resistances in parallel and in series and b.v applying Ohm's law. 

In taking such an approach, certain additional simplifying assumptions 
are generally required. The assumption of straight and parallel heat 
flux lines yields the equivalent electrical network for the cubic 
array shown in Figure (2-3b). An alternate assumption of straight and 
parallel isotherms leads to a different equivalent network as shown in 
Figure (2-3c). 

The two networks result in different effective conductivities both 
of which are approximations to the exact solution. In fact, these two 
cases represent two boundinq solutions to the simplified model. The 
exact solution will yield an effective conductivity between those given 
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FIGURE 2-3. CUBIC LATTICE REPRESENTATION OF GRANULAR 
MATERIAL 
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by the two electrical networks. This is more clearly seen when one 
considers a nodal point representation of the temperature field in 
the proposed system. If the resistances normal to the direction of heat 
flow are assumed to be very large, the heat flow will remain uniform in 
' the direction of the temperature gradient. Conversely, if the lateral 
resistances are taken as zero the potential will be equal in each lateral 
plane. Therefore, the assumption of linear and parallel heat flux lines 
is equivalent to the assumption of infinite lateral resistance; the 
assumption of parallel isotherms is equivalent to that of zero lateral 
resistance. The actual laterial resistance will, of course, fall some- 
where between zero and infinity so that these two cases form the 
bounding conditions. Whether the two solutions represent the bounding 
conditions for the physical system depends upon the suitability of 
the proposed model . 

It is generally assumed that either one or the other bounding 
condition represents a close approximation to the flow of energy in the 
proposed model. The suitability of this assumption will be discussed 
after the respective models have been considered. In compensation for 
this approximation it has been found possible to consider much more 
complex geometries than those which are possible using the flux-law model. 

Uniform Heat Flux 

lichteneker [24] and son Frey [25] developed the uniform heat- 
flux model shown in Figure (2-3b). The effective thermal conductivity is 


then given as 
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It should be noted that this geometry results in a definite gap between 
particles and a complete absence of solid to solid contact. While such 


a model is suitable for dilute suspensions it is doubtful if it could 


adequately represent granular materials. In cases where the gas 
conductivity is much less than the solid conductivity, solid to solid 
heat conduction may, in fact, be the major mode of heat transfer. In 


such cases it might be anticipated that the proposed model would yield 
consistently low results, especially in light of the fact that the 
assumption of linear heat flux lines should lead to low results. 


A number of investigators have continued to develop a similar 
model using various schemes to overcome the problem of the relatively 
large gap between particles. One such technique is to distort the solid 
cube, elongating it in the direction of heat flow. Woodside and Messmer 
[23], Schotte [26], Smith [27] and Willhite, Kunii and Smith [31] developed 
models assuming such an arrangement. Woodside and Messmer obtained 
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The equation of Willhite, Kunii and Smith is 



(2-14) 
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HEAT FLOW 


FIGURE 2-4. PARALLELOPIPED REPRESENTATION OF GRANULAR 
MATERIAL 
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where 2 

f^d'^c 1 sin 2 e 



In this relation n is the average number of contact points on the particle. 
The experimentally derived parameters , represents the ratio of the 
effective length of the solid particle to the diameter of the physical 
particle. The authors state that a value y-2/3 correlates a wide 
range of data. 

A number of investigators have continued to develop similar 
models using various schemes to overcome the problem of the relatively 
large gap between particles. Bernstein [44] effectively utilized this 
approach in arranging rectangular particles in a staggered two dimensional 
array. For high porosity (e >_0.5) systems the solid cube was distorted 
by lengthening its dimension in the direction of heat flux while 
decreasing its lateral dimensions to maintain the proper volume fractions. 
For low porosity systems (c <0.5) Bernstein interchanged the solid and 
void regions of the unit cube so that the effective thermal conductivity 
is given by the equations 



e < .50 
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e > .50 


A second scheme of reducing the gap between particles considers a portion 
of the solid phase to pass entirely through the unit cube. This accounts 
for the residual conductivity of the system in a pure vacuum. A typical 
element of this type is shown in Figure (2-4). Several authors [ 28-34] have 
used this technique to include contact between particles. However, most 
of these developments have required the inclusion of one or more 
parameters which must be experimentally obtained for each sample. Gen- 

erally this information is not available. 


Using the same basic assumption of linear heat flux lines Schumann 
and Voss [35] developed a model using a somewhat different geometry. It 
was assumed that a unit cell of the material could be replaced by an 
equivalent geometry in which the two phases are divided by a rectangular 
hyperbola. Thus the solid phase appears as a somewhat distorted 

"cylinder" arranged in a square array oriented normal to the direction 
of heat flux. The varying fraction of the solid phase seems much more 
representative of the physical system. The effective thermal conductivity 
obtained by Schumann and Voss is: 
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where p is implicitly defined by the relation: 

1-7 = p(p+l) In I±2. - p 

The inclusion of an implicit relation makes the equation somewhat 
difficult to solve analytically although a graphical tabulation has 
been given. 

In comparison to the Lichteneker and son Frey model, the model 
of Schumann and Voss is much more realistic in representing granular 
systems in that the finite gap between particles has been eliminated. 
Nevertheless the effective thermal conductivity obtained from this 
equation still tends to fall below experimental ly obtained values. This 
tendency was noted separately by Preston [36] and Wilhelm [37]. Both 
authors presented correction terms to the Schumann and Voss equation 
to bring the calculated value closer to the experimental data. Wilhelm's 
correlation has been widely used, and its predictions are in good agree- 
ment with many experimental data for granular materials since it was con- 
structed from these data. This equation is 
5 k . 

log(a x 10 ) = m + n { -S- ) f - 17 , 

1-7 U_17) 

where A in cal/cm-sec-°K is an error term to be added to calculated con- 
ductivities according to Schumann and Voss, and the "least squares" 
values of the constants are 
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Gorring and Churchill [4] used a development somewhat analogous 
to Schumann and Voss' for three dimensional particles. In this case, 
an equivalent geometry was assumed in which the two phases were separated 
by a parabola of revolution. The solid particles then appear as distorted 
"spheres" arranged in a square array. For this geometry the effective 
conductivity is given by 



Systems of spherical particles arranged in a square array were 
studied by Hengst [38] and later by Lyalikov [39] and Kaganer [40]. 
Kaganer's expression for the effective conductivity of granular systems 
assumes the form 
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In this expression n is taken as the average number of contacts for 
each particle. Note that the geometry utilized in this model is pre- 
cisely the same as that assumed by Lord Rayleigh in the case of touching 
spheres (e = 0.524). Equation (2-18) is suggested for use with packing 
fractions greater than 0.524. Physically this is difficult to visualize 
as denser packings are not possible with the prescribed geometry. 

Deissler and Eian [41] accounted for variations in packing frac- 
tions in a different manner. Two separate models were developed to 
account for such variations. One model considered spheres in a cubic 
array with point contact; the second used cylinders in a square array 
with line contact. Including the cases in which the material is com- 
posed of all solid or all gas, the relation between k /k and k./k 

e c d c 

is then known for four values of e. For any other packing fraction 
the effective conductivity could be found by interpolation. Krupiczka 
[42] used the same approach but introduced solutions for the spherical 
and cylindrical arrays based on flux-law models. Krupiczka then curve 
fitted his solutions together with certain experimental data to obtain 
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Loeb [69] was one of the first to deviate from an assumed rigid 
geometry and account for the distribution of the two phases. His 
basic assumption is that if a unit cube of the two-phase material is 
subdivided into parallel to the heat flow tubes, the dispersed phase 
may be arranged to lie completely within a set of tubes (Figure 2-lb) 
An electrical analogy is then written for each tube, and the conduc- 
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tance of the unit cube is expressed as the sum of the tube conductances. 
The final expression for the effective thermal conductivity is 


k e - k c 


(1-P C ) + 


p ur + <’-m 


( 2 - 21 ) 


where: P = fraction of cross-sectional area occupied by the 

c tubes 


p. = fraction of tube length occupied by discontinuous 
L phase. 


Parallel Isotherms 

As previously noted, the development of an Ohm's law model requires 
first the selection of an equivalent geometry. Then either the assump- 
tion of uniform heat flux or parallel isotherms may be used. It is 
not surprising, then, that frequently models of each type have been 
developed starting from the same basic configuration. 

Russell [43] selected the same cubic array of cubical particles 
as Lichteneker and son Frey. Assuming parallel isotherms, Russell 
obtained 
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Here again, the model does not consider solid to solid contact so 
that it might be anticipated that results would tend to fall below 
experimental values. Laubitz [17] reported that Russell s equation 
typically gave results which were low by about a factor of two. 

Jefferson [78] derived an expression for spherical particles, 
each enclosed in a unit cube of the continuous phase. His derivation 
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is based on one-half such unit (Figure 2-2b), and the resulting 
equations are 



Baxley and Couper [20] report that for suspensions and emulsions 
the average error of Equation (2-22) is 21%. 

Godbee and Ziegler [45] developed a parallel isotherm model 
analogous to that proposed by Woodside and Messmer. The solid 
particles in a heterogeneous system were replaced by a pore free 
parallelopiped within the representative material cube. The authors 
have obtained an expression relating the dimensions of the solid 
region to the material volume fractions and the particle size distribution 
so that the effective thermal conductivity is given by the relation 
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where 



Topper [46], Webb [47] and Woodside [48] proposed models incorporating 
spherical particles arranged in a cubic lattice similar to that of Hengst. 
The introduction of spherical particles will tend to reduce the gap 
between particles. Unfortunately the method is restricted by the 
requirement that the spheres do not overlap, i.e. the solid fraction 
must be less than 0.524. Most granular materials tend to pack to a 
higher density so that this model is of restricted application. The 
formula developed by Woodside is 


where: 
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0 < z < 0.524 
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Tsao [8] was able to overcome the problem of introducing solid 
to solid contact while simultaneously introducing a truly randomly 
packed array. The development of the stochastic model is indicated in 
Figure (2-5a). Considering a typical unit cube, the heterogeneous material 
was divided into a large number of laminae oriented normal to the 
direction of heat flow. By taking the laminae sufficiently thin the area 
of each phase will remain essentially constant across the element. Thus 
the two phases may be viewed as acting in parallel across the laminae. 

The arrangement of the parallel resistances do not affect the overall 
resistance so that the element may be replaced by one in which the two 
phases have been segregated as shown in Figure (2-5b). Similarly since 
each of the laminae may be viewed as a resistance acting in series the 
order of the laminae may be arbitrarily changed. For simplicity Tsao 
arranged the elements in order of decreasing solid fraction. This final 
arrangement is shown in Figure (3c). Probability theory was then used 
to develop an expression for the shape of the distribution curve. The 
final expression is given in terms of the experimentally obtained solid 
distribution parameters y.| and a-j 
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FIGURE 2-5. EQUIVALENT GEOMETRIES FOR LINEAR ISOTHERMS 
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Here u-j represents the mean solid fraction and o.j represents the standard 
deviation of the solid fraction in the horizontal laminae of the re- 
distributed element shown in Figure ( 2- 5d ) ; these laminae are chosen 
parallel to the direction of heat flow as opposed to the vertical 
laminae used in the redistribution. A considerable amount of theore- 
tical and experimental work has been done on material distributions in 
packed beds [49-51]. These studies show that the mean solid-area 
fraction is equal to the bulk solid fraction but thus far no data is 
given to evaluate the standard deviation in solid area fraction of 
these redistributed elements. Furthermore, it does not appear possible 
to evaluate this parameter directly. 

Warren and Messmer [52] noted that Tsao failed to normalize the 
frequency distribution used in Equation (2-26). This is not a serious 
fault provided that M-j is sufficiently small. Under the conditions 
3a-| < e and 3o^ < (1 -e) the normalized distribution reduces to that 
used in Tsao's correlation. 

One important contribution by Tsao was to show how random distri- 
butions could be analyzed without resorting to the regular arrays assumed 
by each of the previous investigations. Furthermore, this correlation 
is applicable to granules of any shape and size distribution. Thus 
Tsao's correlation is one of the most general equations presented thus 
far. 

Summarizing the Ohm's law models, it is found that they are 
characterized by unrealistic assumptions regarding the lateral con- 
ductivity of the mixture. Frequently these models retain the same 
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unrealistic geometries common to the flux law models. However, more 
realistic geometries can and have been used with this type of analysis. 

Equations have been developed to predict the thermal conductivity 
for special cases. Very dilute suspensions and emulsions are represented 
quite adequately by the Maxwell equation. However, each of the 
proposed models retains one or more approximations which greatly limits 
their utility and accuracy when applied to granular materials. The 
purpose of this study is to derive a general set of equations which will 
predict the effective thermal conductivity of a two phase granular 
system while overcoming these specific objections. 



III. COMPARISON OF PUBLISHED MODELS AND CRITIQUE 


Before an attempt can be made to develop models that improve the 
predicted effective thermal conductivity values, an investigation of 
when and why already published models fail should be made. To accomplish 
this, a number of the models presented in Chapter 2 have been applied 
to the granular systems listed in Table 6-1. The models chosen are 
those which are most widely used in the current literature and in 
present engineering practice. In cases where the development of two 
models is only slightly different, one of the two is chosen. 

The results are presented in Figures (3-1) through (3-18) and 
summarized in Table 3-1. The figures are classified according to the 
categories mentioned in Chapter 2 as follows: 

1. Figures (3-1) through (3-4) present flux law models; 

2. Figures (3-5) through (3-13) present Ohm's Law, uniform 
heat flux models; 

3. Figures (3-13) through (3-16) present Ohm's Law, parallel 
isotherms models; 

4. Figures (3-17) and (3-18) present Lichtenecker's weighted 
equations. 

Figures 3-1 through 3-4 indicate that the flux law models are 
in good agreement with experimental measurements at low constituent 
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conductivity ratios, but predict considerably lower values at high 
constituent conductivity ratios. There is a number of reasons to 
explain this behavior. First, the heat flow path from particle to 
particle is neglected due to the absence of a finite particle contact 
area. Thus an important mode of heat transfer at high conductivity 
ratios is not taken into account. Second, the idealized particle 
shape and geometry utilized in the models do not provide a sufficiently 
close approximation to the geometry of most granular materials. Finally, 
with the exception of Bruggeman's equation, the flux law models have 
been extrapolated beyond the porosity range for which they are theore- 
tically applicable { |- <_ P _< 1). 

It should be noted that whereas the conductivities predicted by 
Lord Rayleigh's and Meredith and Tobias' equations are comparable, 
Bruggeman's equation represents a considerable improvement of the 
calculated values. This is probably an indication that the geometry 
of any future flux law model should not radically depart from the 
geometry of real granular systems. 

Figures 3-5 through 3-13 indicate that in general uniform heat 
flux models predict low effective thermal conductivities and the 
discrepancy increases with the ratio of constituent conductivities. 

As it will be discussed in detail in Chapter 4, the uniform heat flux 
assumption necessitates that the conductivity of the constituents in 
the normal to the heat flow direction be zero. Consequently, the low 
predicted thermal conductivities are an expected result of the linear 
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heat flow assumption. However, the equation of Woodside and Messmer 
predicts high values at low constituent conductivity ratios, but when 
k d /k c increases beyond a certain limit the calculated values become 
low. The explanation of this behavior lies on the geometry assumptions 
introduced in the model. In the Woodside and Messmer model the solid 
phase is elongated in the direction of heat flow, thus rendering the 
calculated effective conductivity high at low values of However, 

when k d /k c increases, the absence of finite contact areas between 
particles and the linear heat flow assumption come into effect, and 
as a result the calculated effective conductivities are low. 

It is seen that the equations of Preston* Wilhelm et al , and 
Krupiczka, which include correlation terms, are in very good agreement 
with the experimental data for granular materials and powders at 
atmospheric pressures. 

Figures 3-14 through 3-16 indicate that parallel isotherms 
models generally predict high values for the effective thermal con- 
ductivity. Again, this is due to the introduction of infinite con- 
ductivity in the normal to the heat flow direction, necessitated by 
the heat flow assumption. Russell's model is an exception to this 
conclusion, since it predicts low values at high ratios of constituent 
conductivities. This is probably due to the simplified geometry of 
the model, and to the relatively large gaps between particles. It 
appears that the influence of the simplified geometry and the absence 
of contact areas between particles dominate over the influence of the 
heat flow assumption. 
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In Figures (3-17) and (3-18) Lichtenecker's weighted equations 
are compared to experimental data. Evidently the values predicted 
by these equations are in error, indicating that any such future 
attempt should rely heavily on experimental evidence. 

Summarizing the comparison of published models, it is found 
that the major sources of error can be attributed to the following 
causes. 


1. Distorted or idealized geometry; 

2. Idealized heat flow; 

3. Absence of finite particle contact area. 


Not all sources of error are applicable to each one of the models 
discussed. Typically, one or more are applicable in each case. How- 
ever, it is difficult to isolate a prior source of error for a par- 
ticular model. It appears that the discrepancy between calculated 
and experimental values is due to an interaction of all sources, each 
source dominating over a particular range of k^/ k c depending on the 
geometry and heat flow assumptions. Consequently, in any more refined 
model the influence of each of the above sources of error should be 
minimized, especially if it is expected that the model should be 
applicable to granular materials having large ratios of constituent 
conductivities. Such an attempt has been undertaken in the models that 
will be described in the rest of this study. First, however, the 
effects of the uniform heat flux and parallel isotherms assumptions will 
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assumption, the problem of finding the effective thermal conductivity 
of granular materials would be simplified considerably. 
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FIGURE 3-1. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE MAXWELL 
EQUATION. 
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FIGURE 3-2. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE LORD 
RAYLEIGH EQUATION. 
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FIGURE3-3, COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE MEREDITH 
AND TOBIAS EQUATION. 
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FIGURE 3-4. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE BRUGGEMAN 
EQUATION. 
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FIGURE 3-5. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE SON FREY 
EQUATION. 
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FIGURE 3-6. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE WOODSIDE 
AND MESSMER EQUATION. 
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FIGURE 3-7. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE KANAGER 
EQUATION. 
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FIGURE 3-a COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE GORRING 
AND CHURCHILL EQUATION. 
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FIGURE 3-9. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE WILLHITE, 
KUNII AND SMITH EQUATION. 
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CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 3-10. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE SCHUMANN 
AND VOSS EQUATION. 
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FIGURE 3-11. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE PRESTON 
EQUATION. 
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FIGURE 3-12. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE WILHELM 
ET AL EQUATION. 
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FIGURE 3-13. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE KRUPICZKA 
EQUATION. 
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FIGURE 3-14. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE RUSSELL 
EQUATION. 
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FIGURE 3-15. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE BERNSTEIN 
EQUATION. 
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FIGURE 3-16. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR THE WOODSIDE 
EQUATION. 
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CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 3-17. COMPARISON OF EXPERIMENTAL RESULTS WITH 

CALCULATED CONDUCTIVITY FOR THE LICHTENECKER 
3-D ECU ATI ON. 
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CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 3-1& COMPARISON OF EXPERIMENTAL RESULTS WITH 

CALCULATED CONDUCTIVITY FOR THE LICHTENECKER 
2-D EQUATION. 



TABLE 3-1. AVERAGE ERROR, AVERAGE BIAS AND 


ERROR VARIANCE OF CALCULATED THERMAL 
CONDUCTIVITY AT ATMOSPHERIC PRESSURE 
BASED ON SELECTED MODELS 


A. Flux Law Models 

1. Maxwell 

2. Lord Rayleigh 

3. Meredith and Tobias 

4. Bruggeman 

B. Uniform Heat Flux Models 

1. son Frey 

2. Woodside and Messmer 

3. Kanager 

4. Gorring and Churchill 

5. Willhite, Kunii and Smith 

6. Schumann and Voss 

7. Preston 

8. Wilhelm et al 

9. Krupiczka 

C. Parallel Isotherm Models 

1. Russell 

2. Bernstein 

3. Woodside 


Av. Bias % 

Av. Error % 

Error Var 

-37.9 

40.2 

0.0606 

-24.8 

33.7 

0.0594 

-18.7 

34.4 

0.0416 

23.8 

32.9 

0.1540 


-43.8 

45.1 

0.0599 

20.9 

34.8 

0.0992 

-6.7 

18.9 

0.0286 

-10.7 

20.0 

0.0192 

-3.6 

17.8 

0.0268 

-21.1 

25.8 

0.0260 

26.6 

30.5 

0.0875 

-2.1 

19.7 

0.0373 

13.2 

21.2 

0.0693 


-30.3 

35.0 

0.0566 

677.9 

686.1 

85.05 

670.3 

670.4 

55.16 
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TABLE 3-1. Continued 
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D. Weighted Ohm's Law Models 

1. Lichtenecker 3-D 701.1 701.2 48.70 

2. Lichtenecker 2-D 194.5 195.0 2.98 



IV. CHARACTERISTICS OF PROBABILISTIC MODELS 


As indicated in Chapter 2, almost all methods proposed to 
determine the thermal conductivities of two -phase systems may be 
grouped into two general classes. The first classification con- 
sists of the Ohm's law model equations derived from some special 
geometries 5 usually some orderly array of spheres or cubes distributed 
in a continuous medium. 

The second classification consists of the flux law model equations 
which account for non-linear heat flow. However, most of these 
equations are based on the assumption that the concentration of 
particles is small enough so that the field surrounding one particle 
is not affected by the presence of other particles. 

As indicated in [68], published correlations for the thermal 
conductivity of granular materials, are not applicable to systems com- 
posed of different materials for which the thermal conductivities are 
highly different. This is the case, because the approximations inherent 
to the assumptions of both classifications mentioned above are no 

longer valid when the ratio of the component conductivities becomes 
exceedingly high. The object of this study is the development of a 
model that will account for non-linear heat flow, that can be 
extended to a large range of the ratio of thermal conductivities, 
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and will include the following parameters: 

1. Volume fraction of one phase; 

2. Particle shape; 

3. Particle size distribution; 

4. Contact resistance. 

The description and analysis of such models is preceded 
by the development of two Ohm’s law models based on the assumption 
of parallel isotherms and uniform heat flux respectively. Both 
these models are an outgrowth of Tsao's [8] and Loeb's [69] model s 
supplemented by recent results on the structural properties of 
packed beds [49, 5l]. It should be noted that apart from the heat 
flow assumptions, the basic proposition utilized in the development 
of the models is that a granular material can be considered as a 
random mixture of two phases, in which all particles of the same 
size and shape have the same probability to occupy each unit volume 
of the mixture. The validity of this proposition together with its 
limitations have been discussed extensively by Debbas and Rumpf 
[51] , and it has been utilized in Tsao's [8] model . 

The purpose of these preliminary developments is two-fold. 

First, to indicate that Ohm's law models with realistic geometries 
provide an upper and lower bound to the effective conductivity of 
granular materials. Second, to illustrate the need for a probabi- 
listic flux law model that includes particle interaction, so that the 
unrealistic assumptions concerning the value of the thermal con- 
ductivity in the direction perpendicular to the heat flow can be 


overcome. 



65 


Ohm's Law Model - Parallel Isotherms 

Consider a unit cube of a granular material subdivided into 
N cubicles by a three-dimensional grid. Assume that the grid is 
fine enough, and the two phases are arranged in such a manner that 
each cubicle is occupied either by the continuous or the discon- 
tinuous phase. It has been shown [5l] that most granular materials 
can be thought of as a random mixture of the two phases. Accordingly, 
the probability that a cubicle is occupied by the continuous phase 
is P, the volume fraction of the continuous phase. It has been 
also shown [8, 53] that due to the parallel isotherms assumption, 
the conductivity of each lamina perpendicular to the heat flow 
direction depends on the volume fraction of the continuous phase 
present in the lamina, but is independent of the manner in which the 
two phases are arranged. Consequently, the effective thermal 
conductivity of each lamina does not change if the continuous phase 
is arranged as indicated in Figure (4-lb). Also, since the laminae can 
be thought of as series resistances to the flow of heat, the 
effective conductivity of the unit cube does not chanae if the 
laminae are rearranged according to decreasing height of the 
continuous phase as indicated in Figure (4-lc), approximated by a 
continuous distribution curve indicated in Figure (4-ld). Summation 

of the series resistances yields the following expression for k 0 , 
the effective conductivity of the unit cube 
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FIGURE 4-1. OHM'S MODEL -LINEAR ISOTHERMS 
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dz 
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(4-1) 


A number of attempts have been made to determine a functional 
relationship between y and z by either expressing y as a function of 
z, y, and a, where p is the mean value of z and cj is the standard devi- 
ation of z [8, 53], or by approximating the phase distribution curve by a 
curve by a parabolic function [70], The method proposed in this 
study is based qji tflp initial assumption of randomness. 

Consider one of the laminae that is perpendicular to the mean heat flow. 

2 

The probability that exactly rN cubicles, out of the N cubicles 
present in the lamina, are occupied by the continuous phase is given 
by the binomial distribution: 


n(rN) = 


(N 2 ): 

(N 2 )1(N 2 - rN) 1 


p rN ^ - rN 


"• (4-2) 


where 


Q - 1 - P (4-3) 

h 

Suppose that the height of the continuous phase in the rrr n lamina is 
r/N after the laminae have been rearranaed according to decreasing 
height of the continuous phase, as indicated in Figure 4-lc. It 
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follows that there are m laminae in which the height of the contin- 
uous phase is equal to or greater than r/fi, and consequently 


m = N 



(4-4) 


p 

If N is large enough, n(rn) can be approximated by the normal 
distribution [71]. 


f(rN) = 




- (rN-PN 2 ) 2 
' e 2(N 2 PQ) 


(4-5) 


Substitution of Equation (4-5) into Equation (4-4), and noting that 
and r/N = y, it follows that 

z = h (1 - erft) , t = - ( £■- “ - P ^ - (4-6 

V2N 2 PQ 

Equation (4-6) is an expression for z as a function of y in terms 
of the parameters P and N. The continuous phase volume fraction 
P is assumed to be known since it is reported in all experimental 
investigations of granular materials. N is a measure of the fineness 
of the three-dimensional gr-id. in other words, it is a measure of 
the sample size. Although, there is no analytical method to determine 
N if the size of the cubicles is not selected, a lower bound for N 



69 


can be found by the constraint that the total number of cubicles in 

the unit cube occupied by the continuous phase must be equal to 
3 

PN . In other words 
1 

J z dy = P (4-7) 

0 

Equation (4-7) is satisfied when N 2 is larger than 8/P and 8/Q. It 
can be also shown that under this condition, the approximation of 
the binomial distribution by the normal distribution is also valid. 

In view of the discussion above. Equations (4-1) and (4-6) con- 
stitute a solution for the effective thermal conductivity of granular 
materials, provided the model and the assumptions associated with it 
constitute a realistic approximation of the system. However, it 
should be noted that the additional resistance to the heat flow from 
one particle to the other, introduced due to the contact surface 
of two particles, has not been taken into account in the development. 
This assumption is certainly justified for unconsolidated porous 
media, but induces large errors in the case of granular materials 
^34j. To overcome this discrepancy, an additional term will be 
introduced in Equation (4-1) to account for contact resistance. 

Let N c be the total number of contact areas in a unit cube." 
Assuming that these contact areas are randomly distributed and 
oriented, the number of contact areas in the z-direction, N 

c z 

is N c /3. These contact resistances can be distributed over the 
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laminae shown in Figure (4-1 c) in such a manner that the number of 
contact resistances in a lamina h is proportional to the dis- 
continuous phase present in the lamina. That is: 


~ ^ < 4 -8) 

Now, taking into account that each lamina is composed of 
continuous phase cubicles, discontinuous phase cubicles, and cubicles 
containing contact areas as given by Equation (4-8), summation over 

the thermal resistances present in each lamina, and integration over 

all laminae, yields a modified form of Equation (4-1). 



(4-9) 


In Equation (4-9), k C p is the contact thermal conductivity associated 
with a contact area. In the calculations, an expression for k cr 
is taken from Luikov [3d]. 

It is still necessary to find an expression for the total number 
of contact areas per unit cube, in order to determine N cz> This 
can be accomplished by assigning a characteristic volume to each 
particle and considering the coordination number n which is the aver- 
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3 

characteristic volume of each particle is e y d , where e y is an 

experimentally determined volumetric parameter that depends on the 

particle shape, and d is a characteristic particle size obtained 

from the sieve data. It follows then that the number of particles 

per unit volume is - . The coordination number is qiven in 

« v d 3 

[49] as 

n = 39.39 (0.571 - P) (4-10) 

For spherical particles is equal to 71/6. Combination of these 
expressions yields, for spherical particles 

N _ 12.54 (0.571 - P) (1 p) (4-11) 

cz d 3 

Combination of Equations (4-1), (4-9), (4-11) constitute a 
solution for the effective thermal conductivity of granular materials 
in terms of the conductivities of the components, the porosity, and 
the parameters mentioned. The equations have been solved and com- 
pared to a number of experimentally determined values. It should 
be noted that the value of N chosen for each case satisfied the lower 
bounds mentioned, and was such that the cubicles were smaller than 
the particles and the voids. 

Ohm's Law Model - Uniform Heat Flux 

Again, consider a unit cube of a granular material subdivided 

3 

into N cubicles by a three-dimensional grid. Looking at the parallel- 
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to-the-heat-flow rectangular tubes, it can be seen that they include 
continuous phase and discontinuous phase cubicles. Under the 
assumption of uniform heat flux, the effective thermal conductivity 
of the rectangular tubes does not change if the cubicles are 
rearranged in such a manner that the continuous phase is pushed 
forward [69], as indicated in Figure (4-2b). 

The effective thermal resistance of each tube is due to the 
thermal resistance of the continuous phase and the thermal resistance 
of the discontinuous phase present in the tube, acting in series. 
Moreover, since the effective thermal resistances of all tubes are 
in parallel, summation of all the thermal conductances of the tubes 
gives the effective thermal conductance of the unit cube. Assuming 
that the summation can be approximated by integration, the effective 
thermal conductivity of the unit cube is 



where z is the height of the discontinuous phase at (x,y). To 

integrate Equation (4-12), it is necessary to know z as a function of 

x and y. This can be accomplished by a rearrangement of the rectangular 

tubes that are parallel to the heat flow as follows: 

1. In each parallel to the heat flow x-z lamina, the tubes are 
rearranged according to decreasing height of the continuous 
phase in the x-direction (Figure 4-2c). 
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2. The x-z laminae are rearranged according to the total amount of 
continuous phase present in each lamina. Further, the rearrange- 
ment is such that the continuous phase void fraction of each 
lamina decreases with y (Figure 4-2d). 

This rearrangement of the rectangular tubes does not affect 
the effective thermal conductivity of the unit cube, since the height 
of the continuous phase in each tube remains the same, but permits one 
to express the distribution of the phases in the unit cube by con- 
tinuous functions. The arguments leading to these distribution 
functions are the same as the ones presented for the development 
of Equation (4-6), and will not be repeated here. The results are 
the following. For each lamina at y, and having thickness dy, 

x = S* (1 - erft) , t = ^ (z ~ y ) ( 4 - 13 ) 

T y 

where P y is the ratio of the volume of the continuous phase present 
in the lamina to the total volume of the lamina, and = 1 - P^. 

Analysis of Figure (4-2d) gives, 

n2(P v " P) , 

y = h (1 - erfu), u = - (4-14) 

V2N 2 PQ 

Again, the constraint that the total number of cubicles in the unit 
cube, occupied by the continuous phase, must be equal to PN is 
satisfied when N is larger than 8/P and 8/Q. Under these conditions 
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FIGURE 4-2. EQUIVALENT GEOMETRIES FOR UNIFORM HEAT FLUX. 
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the approximation of the binomial distribution by the normal dis- 
tribution is also valid. 

Combination of Equations (4-12), (4-13) and (4-14) constitutes a 
solution for the effective thermal conductivity of granular materials 
in terms of the conductivities of the components and the porosity. 

The equations have been solved and compared to a number of experi- 
mentally determined values. Again, the value of N chosen for each 
case satisfied the lower bounds mentioned, and was such that the 
cubicles were smaller than the particles and the voids. It should 
be noted that in this model the thermal contact resistance, due to 
the contact areas between particles, has not been introduced. The 
reason is that the uniform heat flux assumption renders the cal- 
culated effective conductivity smaller than the experimental one, 
and introduction of the contact thermal resistance will increase 
the discrepancy between calculated and experimental values. 

Comparison of the Ohm's Law Models 

Equations (4-9) and (4-12) have been obtained to predict the 
effective thermal conductivity of granular materials as a function 
of the constituent conductivities, porosity, and the parameters 
indicated. In both models, a representative unit cube of the 
granular material has been considered. The basic assumption utilized 
in order to obtain the distribution of the two phases in the 
unit cube is that a granular material can be considered a 
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random mixture of two phases. In view of the evidence given by 
Debbas and Rumpf [51] and Baxley and Cooper [20], this assumption 
is in good agreement with experimental results, and consequently it 
can be concluded that the assumed geometry of the unit cube is 
quite accurate for most granular materials. 

Equations (4-9) and (4-12) have been solved for a number of cases, 
and some of the results are presented in Figures (4-3) and (4-4), repre- 
senting granular systems with porosities 0.42 and 0.38, respectively. 
Wiener's upper and lower bounds are also indicated. The experimentally 
determined values have been obtained from references [6, 21, 23, 

36]. It can be seen that the parallel isotherms model grossly 
overpredicts the effective thermal conductivity of granular materials, 
while the uniform heat flux model predicts lower values. The 
discrepancy increases with the ratio of the constituent conductivi- 
ties. Although, the region between the upper and lower bounds thus 
defined is smaller than the region defined by Wiener's bounds, the 
specific values obtained from Equations (4-9) and (4-12) leave much to 
be desired. 

This difference between calculated and true effective thermal 
conductivity values can be explained by Laubitz’s [17] observation 
that in the uniform heat flux model it is effectively assumed that 
the thermal conductivity of the medium in the normal to the heat flow 
directions is infinite, while in the parallel isotherms model it is 
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FIGURE 4-3. COMPARISON OF BOUNDING CONDUCTIVITIES WITH 
EXPERIMENTAL DATA FOR A POROSITY OF 0l4?. 
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FIGURE 4-4. COMPARISON OF BOUNDING CONDUCTIVITIES WITH 
EXPERIMENTAL DATA FOR A POROSITY OF a 3a 




vanishingly small. It also provides an explanation as to why previous 
Ohm’s Law models, based upon an assumed regular array, have generally 
not been successful at higher constituent conductivity ratios. Some 
of the discrepancy due to the heat flow assumptions has been countered 
in previous Ohm's law models by assuming a somewhat distorted array. 
However, at high constituent conductivity ratios, the effect of the 
heat flow assumptions prevails, and the calculated values continually 
deviate from the true effective thermal conductivity values. 

Since the lateral conductivity of granular materials falls be- 
tween the limits of zero and infinite lateral conductivity, it can 
be concluded that Equations (4-9) and (4-12) constitute an upper and 
lower bound to the true effective thermal conductivity. Numerous 
correlation forms have been developed in the literature [l8j asso- 
ciating the true conductivity of the granular material to the 
bounding values. However, it does not appear possible to select the 
correlation which is more consistent with the physical system. Con- 
sequently, an alternate approach is suggested, where the geometry of 
the granular system is the same, while no assumption is made with 
respect to the heat flow. This constitutes the basic model of this 
study, and it differs from the Ohm's law models presented in that 
both the geometry and the heat flow assumptions are realistic. The 
Ohm's law models will be utilized in the discussion that follows as 
a criterion for the selection of a number of parameters such as 
contact resistance, coordination number, etc. 



V PARALLEL ISOTHERMS MODEL 


The approach specified in this chapter is based upon an extension 
of the approach originally proposed by Wiener [7] and later extended, 
first by Russell [43], and later by Tsao [8]. The effective thermal 
conductivity of the heterogeneous system is determined using the 
electrical analogy. Probability techniques are used to describe the 
random distribution of the particles within the system as introduced 
in Tsao's model. Two statistical parameters are introduced and are 
determined based upon bulk physical properties. 

Consider a unit cube of the heterogeneous system shown in 
Figure (2-5a). The system is to be divided into a series of fine 
laminae oriented normal to the direction of heat flux. These elements 
are sufficiently thin that the cross-sectional area of the solid 
particles are essentially constant throughout its width. Assuming 
parallel isotherms within the unit cube, the discontinuous (solid) and 
continuous phases will act as resistances in parallel within each 
lamina. The order of the parallel resistances may be changed arbitrarily 
without affecting the overall resistance of the parallel circuit. Thus 
the resistances of the solid elements may be combined into a single 
solid resistance at the bottom of the laminae as shown in Figure (2-5b). 
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A simple calculation then shows that the equivalent resistance is given 
by the equation 


k 


e 


1 



k + (k . - k ) e 
c d cm 


(5-1) 


i.L 

In this equation the fraction of solid in the nr lamina is given by 

7 and the width of each lamina is Ax. 
m 

Note that the laminae act as resistances in series. Again the 
order of the resistances does not affect the overall thermal resistance 
so that the elements may be rearranged in order of decreasing solid 
fraction as shown in Figure (2-5c). If the width of the laminae is 
allowed to approach zero then the effective thermal conductivity for 
Figure (2-5d) becomes 


k 


e 



1 


dx 

k c + (k d - k c ) 7 


(5-2) 


The solution of this equation requires the knowledge of a relationship 
between the solid area fraction e and the position x. Such a relation- 
ship is given in the form 


e 



2 


_d£ 

2 


(5-3) 


dp 
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In this expression u and a represent the mode and the standard 
deviation of the one dimensional porosity as introduced by Tsao. For 
the case at hand the mode, u , will be very close to the bulk solid 
fraction. The standard deviation, a, is unknown. In general, it 
will be a function of the particle shape, size distribution and volume 
fraction. By restricting consideration to uniform sized particles 
which are either spherical or semi -spherical the standard deviation 
becomes a function of the volume fractions only. Or 

o = f( 7 ) (5-4) 

Using the experimental data available from the literature. Equations 
(5-2) and (5-3) may be solved to determine a for each case. These 
data have been curve fitted using a least squares technique to obtain 
the relation 

o = 0.32248 (1 - 7) - 0.092543 (1 - 7) 2 (5-5) 

The resulting equations may be used to determine the effective 
thermal conductivity of packed beds with solid fractions between 0.3 
to 0.7. Beyond these limits the assumption of random packing of 
semi-spherical particles no longer holds. 

Results 

Data describing the effective thermal conductivity of packed beds 
have been compiled from the literature. Generally, results obtained 
from Equation (5-2) fall within - 20% of the reported values, provided 
that radiation may be neglected. A representative sample of data 
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taken from several sources [6, 35, 37, 58] is shown in Figure (5-1). 

A more extensive comparison between predicted and experimentally 
determined values for granular materials at atmospheric pressure is 
included in Chapter 6. 

The model has also been extended to the case of particulate 
basalt in a simulated lunar environment, and the results are shown 
in Figure (5-2). It is noted that the model predicts a slightly 
greater dependence of the effective conductivity on packing fraction 
than is indicated by the experimental data. This could be off-set 
to some extent by modifying the empirical distribution function used 
in the correlation; such a modification would be difficult to justify 
on theoretical grounds and therefore has not been undertaken. 
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FIGURE 5-1. COMPARISON OF EXPERIMENTAL AND MODEL 
PREDICTED THERMAL CONDUCTIVITIES. 
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d =37-62 /i 
p = 10' 8 torr 


Oeniitieft 

X 0.7? gr /cm 3 
O 0.88 gr/c m3 
A 0.98 gr/cm 3 
* M3 gr/cm 3 
o 1 . 30 g' /cm 3 
V 1 .50 gr /cm 3 '* 
Q 1 . 26 gr/t™ 3 


V<7 V 




V* 


Temperature, K 


FIGURE 5-2. COMPARISON BETWEEN MODEL PREDICTED AND 
EXPERIMENTAL THERMAL CONDUCTIVITIES FOR 
BASALT IN SIMULATED LUNAR ENVIRONMENT. 



VI. STOCHASTIC MODEL 


Over the past sixty years [7] numerous Ohm's law models have 
been introduced. Most of these models are based upon a rough approxi- 
mation of granular materials in terms of solid parallelopipeds or 
cubical ly arrayed spheres. Neither geometry bears a close relation to 
the random dispersions commonly found in nature. The approach described 
herein avoids these unnatural arrays and unrealistic geometries by 
assuming a random distribution of arbitrarily shaped solid particles. 

As noted in the literature survey* those models incorporating 
Ohm's law almost universally utilize assumptions of zero or infinite 
lateral conductivity. In any real substance the lateral conductivity 
will fall between these two extremes. Consequently these two assumptions 
lead toward a set of bounding equations for the effective thermal con- 
ductivity of the model. These bounding equations set much narrower limits 
than those originally proposed by Wiener [7], A comparison of the two 
sets of equations is shown in Figure (6-1). The effective conductivity of 
a square array of uniform spheres (e = 0.5236) is represented. Note that 
at a constituent conductivity ratio of 10^, these new bounding conditions 
are approximately one order of magnitude above the lower bound and a 
factor of five below the upper bound established by Wiener. Therefore, 
a set of such equations, applicable to any packing geometry would 

represent a considerable improvement over Wiener's formulation. 
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CONDUCTIVITY OF GRANULAR SYSTEM 
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CONDUCTIVITY OF DISCONTINUOUS PHASE k d 

CONDUCTIVITY OF CONTINUOUS PHASE k c 


FIGURE 6-1. BOUNDING EQUATIONS FOR A CUBIC ARRAY OF SPHERES 
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Herein will be developed a set of such equations, generally applicable 
to any shape particle. 

Consider a typical unit cell of the heterogeneous system shown 
in Figure (6-2a). Divide the unit cell into uniform sized channels by 
passing both vertical and horizontal planes through the element. These 
planes are to be oriented parallel to the direction of heat flux and are 
to be equi spaced. If the channels are sufficiently small compared to 
the dimensions of the solid particles, they will appear as consisting 
of sections of the continuous and discontinuous phases placed in series. 
Assuming a uniform heat flux in each channel, the order of the series 
resistances does not influence the overall resistance. Consequently, 
the two components may be separated as shown in Figure ( 6 - 2b } . The 
resistance of the channel is then given by 


R =-^- 
K i k .aA 


(1-e,) 

~k c AA 


( 6 - 1 ) 


The channels behave as resistances in parallel. The overall resistance 
is then given as: 



The order of these channels and their shape may be altered so long 
as the individual channel resistances remain unchanged. They may then 
be distorted to a unit width by changing the vertical dimension while 
retaining the unit length. They are then arranged in order of decreasing 
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solid fraction. This geometry is shown in Figure (6-2c). The effective 
thermal conductivity for the specified element is 





since the integrand is constant in the horizontal direction. The 
corresponding geometry is shown in Figure (6-2d) . 

In a similar manner the effective conductivity has been found 
assuming infinite lateral conductivity [8, 53]: 
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FIGURE 6-2. EQUIVALENT GEOMETRIES FOR UNIFORM HEAT FLUX 
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1 

r + e (k .-k ) < 6 - 6 > 

c ' d c 

Both equations for zero and infinite lateral conductivity require 
a knowledge of the functional relation between the solid area fraction, 
e, and the position, x, to solve the integral. Consider the arbitrary 
material distribution shown in Figure (6-2c). The verticle position of 
each lamina is determined by its solid fraction. The portion of the 
elements below a particular element is then equal to the portion of 
elements having larger solid fractions. 



x = P (e^ e ) 


■S' 


f(*)d* 


(6-7) 


Differentiating this equation, 
dx =-f (e )de 


( 6 - 8 ) 


This relationship may be substituted into Equations (6-5) and (6-6) for the 
thermal conductivity with uniform heat flux and parallel isotherms. The 
limits of integration must be changed accordingly 




t- ^ -ef 

V +£(k c“ k d ) 


(6-9) 
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k c + E ^ k d ~ k c J 


( 6 - 10 ) 


Equations (6-9) and (6-10) are entirely general in that no 
assumptions have yet been made regarding the particle shape or 
size distribution. The effects of these parameters on the solid 
area fraction were studied by Debbas and Rumph [51] and Haughey 
and Beveridge [49]. These sources found experimentally that the 
distribution of the solid area fraction is Gaussian for most packings, 
A notable exception occurs after prolonged vibration of a sample. 

This packing produces large regions of ordered distribution and 
strong anisotropic effects. Similarly large particle size variations 
tend to allow sifting of smaller particles into the lower regions 
of a given sample. This produces a definite bulk porosity gradient 
in the vertical direction. In such cases the radial distribution 
remains normal. Neglecting all such non-normal distributions the 
frequency distribution may be taken as Gaussian. 

-it 2 

f(t) = e a* ( c 


Z *' 1 


1 4-2 

dt 


The integral in the denominator serves to normalize the truncated 


Gaussian distribution. By replacing the standardized random variable 
Equation (6-11) may be written in the form: 
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The mode of the distribution, u, and the standard deviation of the 
solid area fraction, a, remain to be evaluated. The mode may be 
defined implicitly in terms of the standard deviation from the basic 
geometry of the mixture. The total solid volume is equal to the sum 
of the elemental solid volumes. 

( 6 - 13 ) 

Using the results of Equation (6-8) this expression may be written: 

o 

-e f(e) de ( 6 - 14 ) 

Determination of an exact expression for the standard deviation 
is difficult. Stange [50] reports that the standard deviation is 
given by the relation, 




constant 
a = 

V W 

where His? measure of the sample size. 


( 6 - 15 ) 
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The exact value of the standard deviation is difficult to 
evaluate. However, it may be noted from Figure (6-3) that the 
effective conductivity tends to reach a fixed value for a sufficiently 
large. Consequently a sufficiently large value of a may be selected 
for analysis. 

Developirent of an Effective Conductivity Correlation “ 

Equations (6-9) and (6-10) have been obtained to predict the effective 

thermal conductivity of a two phase mixture as a function of the constituent 
conductivities and the volume fractions. These expressions are based 
upon the assumptions of zero and infinite lateral conductivity, respec- 
tively. Since the lateral conductivity of the mixture falls between 
these limits the two equations form a set of bounding limits for the 
physical case. As noted in the review of literature, numerous authors 
have proposed correlations which effectively imply that one of these 
two assumptions is sufficiently close to the physical system that it 
may be used in obtaining an effective conductivity expression. In spite 
of arguments presented for proponents of both methods , i t does not 
appear possible to select, a priori, the correlation which is more consistant 
with physical system. Results from both correlations are then to be 
compared with experimental results. 

Such a comparison has been made and the results are shown graphically 
in Figures (6-4), (6-5) and (6-6). These figures represent granular systems with 

porosities of 0.31, 0.43 and 0.58 respectively. The selected values renresent a 
range of packing fractions so that they may be considered as representative 
of all random packings. The non-dimensional ized effective conductivity 
is given as a function of the constituent conductivity ratios. The 
experimental values are taken from a number of independent sources and 


EFFECTIVE THERMAL CONDUCTIVITY (k p , kcal /m-hr-C )xlO' 
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STANDARD DEVIATION IN SOLID AREA FRACTION (a) 


FIGURE 6-3. EFFECT OF STANDARD DEVIATION IN AREA FRACTION UPON EFFECTIVE CONDUCTIVITY 
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JKfi , Conductivity of Continuous Phase 

Kd Conductivity of Discontinuous Phase 


FIGURE 6-4. COMPARISON OF BOUNDING CONDUCTIVITIES WITH 
EXPERIMENTAL DATA FOR A POROSITY OF D31 
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J& , Conductivity of Continuous Ph ase 

Kd Conductivity of Discontinuous Phase 


FIGURE 6-5. COMPARISON OF BOUNDING CONDUCTIVITIES WITH 
EXPERIMENTAL DATA FOR A POROSITY OF 0.43 
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FIGURE 6-6. COMPARISON OF BOUNDING CONDUCTIVITIES WITH 
EXPERIMENTAL DATA FOR A POROSITY OF a 58 
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are listed in Table 6-1. Note that the bulk of these data fall between 
the two bounding curves as would be anticipated. For a constituent 
conductivity ratio, k ( j/k c < 10 either bounding equation gives reasonably 
accurate results. For kyk c > 100 both bounding equations deviate 
significantly from the experimental data. This indicates the reason 
why previous Ohm's law models, based upon an assumed regular array, 
have generally not been successful at higher constituent conductivity 
ratios. No doubt, some of the discrepancy has been countered by 
assuming a somewhat distorted array. Uniform heat flux models have been 
developed such that an inordinate amount of the higher conductivity 
material is arranged in series with itself. Thus the calculated con- 
ductivities have been raised above the lower bounding curve . Similarly 
for parallel isotherm models an excessive amount of the higher conductivity 
material is placed in parallel with itself and in series with the low 
conductivity phase. This distortion tends to result in a lower calculated 
conductivity than that of the upper bound. 

Rather than assuming both an unrealistic heat flow model and a 
distorted distribution, three alternate approaches are suggested here. 

A uniform heat flux model and a parallel isotherm model 

were developed based upon a theoretical distribution of the granular 
material which has been experimentally verified. Since only the heat flow 
model is simplified, an experimentally derived correction factor for the 
heat flow shall be obtained for each correlation. In addition, an experi- 
mentally derived weighting factor shall be obtained for the two correlations. 
The effective thermal conductivity will then by given by: 



TOO 


where: 





F = Correction factor for nonparallel isotherms 

ao 

F = Correction factor for nonuni form heat flux 
o 

F w - Weighting factor for bounding equations 


(6-16) 

(6-17) 

(6-18) 


These correction factors are considered to be, in general, functions of 
the material solid fraction, constituent conductivity ratio, particle 
shape and particle size distribution. Unfortunately, previous attempts 
to describe arbitrary particle shapes with a single parameter have been 
largely unsuccessful [13]. Various statistical techniques have been 
proposed for accounting for particle size distribution [45, 54] but 
sufficient experimental data are not yet available to consider this 
parameter at this time. For this reason the correction factors are 
treated as functions of the conductivity ratios and the solid fractions 
only. 

Equations (6-16) through 18) may be solved together with available 
experimental data to obtain the empirical values of the correction factors. This 
has been done for a wide range of data from the several sources as listed 
in Table 6-1. The correction factors listed do, of course, include both 
experimental error and data scatter. To obtain an easily usuable correlation 
these factors have been correlated into a polynomial function using a least- 
squares technique [55]. The fitted correction factors have 
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been found to be represented by the functional relations: 

In (FJ = 6.038 + 0.28697 ln(k d /k c ) - 0.079693 [ln(k c /k d )] 2 

- 42 .035(1 -e) + 94. 701 (1 -e) 2 - 0 .911 35(1 -e) ln(k d /k c ) 

+ 0.0029629 [ln(k d /k c )] 3 + 0 .0040281 (1 -e) C 1 n ( k d /k c ) ] 2 
+ 0180897{l-e) 2 ln(k d /d c ) - 69.049(l-e) 3 (6-19) 

In (p ) = -2.4006 + 0.83611 1 n ( k c j/k c ) - 0.0036959 [ln(k d /k c )] 

+ 12.426(1 -e) - 1 6 . 278(1 -e) 2 - 3.0926(l-i) ln(k d /kj 
+0.0019151 [ln(k d /k c )] 3 - 0.034069(l-c) [ln(k d /k c )] 2 
+ 3. 31 97 (1 -e) 2 ln(k d /k c ) + 2.5768(1 -e) 3 (6-20) 

F w = 1.5287 + 0.064259 ln(k d k c ) - 0.0064623 [ln^/k^] 2 

- 6.1759c + 11.059c 2 + 0.22176c ln(k d / k c ) 

2 

+ 0.00015041 [ln(k d /k c )] 3 - 0.0042453 l [ln(k d /k c )] 

- 0.10921 i 2 ln(k d /k c ) - 7.2252 l 3 (6-21) 

In conclusion, three correlations have been proposed for evaluating 
the effective thermal conductivity of granular systems. There appears 
to be no theoretical basis for selecting one solution in preference to 
the others. Thus, selection of the best correlation must be made solely 
on the basis of a comparison with experimental results. 
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Comparison of Available Heat Transfer Models 

A number of proposed heat transfer models have been presented in 
the literature survey. No doubt a number of other correlations may be 
found through a more exhaustive search of the literature. Nevertheless, 
the equations which have been presented represent those models which are 
most prominently used in the current literature and in present engineer- 
ing practice. Moreover, many of the models are somewhat redundant in 
that they represent only slight variations of the same basic geometrical 
assumptions. 

The approach to be used in making a comparison of these correlations 
is to select models representing varying basic geometries and varying heat 
flow assumptions. Where two models of the same type are particularly 
well known both are included. Certain prominent models require the 
input of parameters which are generally unknown; these are, of necessity, 
excluded from the comparison. 

Table 6- I I includes a representative sample of correlations based on 
flux law models. Tables 6- III and 6- IV present Ohm's law models utilizing 
the assumption of uniform heat flux. Table 6-V presents those Ohm's law 
models based upon an assumption of parallel isotherms. Table 6-VI 
includes those Ohm's law models which include a weighting factor or a 
correction factor to circumvent the simplifying heat flow assumptions. 

Figure (6-7) presents the results of Equation (5-2) in a graphical form. 
Figures (6-8) through (6-10) present the results of Equations (6-16) through 
(6-18) 
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It should be noted that several of these equations have been 
extrapolated or extended beyond the range for which they are 
theoretically applicable. The correlations by Lord Rayleigh, Hengst, 
and Woodside were derived based on the assumption of a cubical array 
of uniform sized spheres. The geometrical limits on the solid fraction 
are then such that 0 £e <_ 7r/6. Similarly the equation presented by 
Schumann and Voss and by Preston are limited to solid fractions of 
0.5 < t < 1. In order to compare these correlations with the remaining 
correlations over the same number of cases it was necessary to 
extrapolate the derived equation beyond its theoretical limits; where 
extrapolation was not possible, the closest possible value of the 
solid fraction was taken. 

Initial results indicated that. the correlation by Gorring and 
Churchill [4] was in considerable error. It was suspected that a 
typographical error may have existed in the correlation as published. 
Following the approach described by the authors Equation (2-17) was 
rederived and the corrected form of the equation was found to be: 



This equation was found to fit the experimental data much more 
closely. 
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In summarizing the results obtained from each correlation, it is 
found that the major sources of error can be attributed to the following 
causes: 

1. Distorted particle geometry 

2. Idealized heat flow 

3. Absence of a finite particle contact area. 

Not every source of error applies to each correlation. Typically one 
source will dominate depending upon the ratio of the constituent 
conductivities, k d /k c * It is difficult to define an exact range of 
k d /l<c over which one source will dominate as the range will vary between 
models. However, it is possible to discuss relative ranges. 

A system composed of materials of equal conductivities will itself 
have a conductivity equal to that of the constituents. This is true 
regardless of the distribution or contact areas. Moreover the assumptions 
of uniform heat flux and parallel isotherms are both valid for such a 
system. Consequently each model should be equally valid for k^/ k c = 1. 

If the ratio k d /k c is increased beyond 1.0 the effects of a distorted 
particle geometry appear as the dominant source of error. At still 
higher values of k d /k c the effects of the heat flow assumption become 
dominant. At yet higher values of k d /k c the effects of the particle 
contact area predominate. 

The tendency of the particle contact area to predominate as a 
source of error at high constituent conductivity ratios is clearly 
demonstrated. In granular systems with extremely low gaseous conductivities 
direct particle to particle conductions will be a major mode of heat 
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transfer. The effective conductivity of any idealized system having no 
finite particle contact will approach zero as the conductivity of the 
gaseous phase approaches zero. An example of such action is shown in the 
results for a simulated lunar soil. These data are listed in the fables 
as cases 159 to 164. The bulk of the correlations yield results far below 
the experimental values. Those correlations based upon an assumed 
Gaussian distribution of the two phases are the exception. The reason 
for this action is attributed to the fact that, while the normalized 
Gaussian distribution allows only point contact, the granules are in 
close proximity over a larger area. 

• The assumption of a uniform heat flux tends to yield results 
somewhat smaller than the experimental value 'while the assumption of- •- 
parallel isotherms tends to yield values which are overly large. This 
tendency can be offset by a distortion of the material distribution so 
that the effects are somewhat self compensating. However, the effects 
of these. two factors are not the same overall ranges of k d /k c . Therefore, 
calculational. results tend to be high or low depending on which factor 
predominates,' 

The results of the comparison between the models is summarized 
in Table 6-VII. Here a nondimensionalized variance is listed for the . 
results of each model calculated over all 172 cases of Table 6-1. The 
formula used in determining the variance is: 



~ k exp \ 

V ) 


Variance = 
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where k^ is equal to either or k exp , whichever is greater. This 
method of comparing the variance ensures that calculational results 
which are either high or low by the same factor are penalized equally 
for the difference. 

It should be noted from Table 6-VII that Equation (5-2) 
equation together with the Equations (fi-16), (6-17) and (fi-lfi) result ir. 
the least variance. It is therefore concluded that these equations 
represent the closest estimation of the experimentally derived 
effective thermal conductivity. 

The major source of error in these formulations is expected 
to be the failure to account for particle size distribution and 
shape. Additional experimental work in these* areas would provide 
data from which Equations (6-19), (6-20) and (6-21) could be rederived to 
more closely fit the actual effect of bending of the heat flux lines. 

Failure to account for the contact resistance between particles 
may or may not be an important source of error. If contact resistance 
were an important parameter it would be anticipated that the effective 
thermal conductivity of a system would be a definite function of 
particle size. Systems of small particles would then have a lower 
conductivity than systems of large particles, all other parameters being 
equal. While sufficient data of the necessary kind is not available to 
draw a definite conclusion, comparisons can be made. Waddams [6] lists 
the thermal conductivity of 1/8 inch steel spheres in air (Case 84, 

Table 6-1) as 0.517 kcal/m-hr-K while that of 7/32 inch steel spheres 
(Case 107, Table 6-1) is given as only 0.403 kcal/m-hr-K; the smaller 
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diameter, lower density particles are reported to have the larger 
conductivity in this case. Other data may show similar or opposite 
trends. Further experimental work will be required before a definite 
conclusion may be drawn. 

The results of Table 6-VI and Table 6-VII indicate that the proposed 
models each perform well over the range of constituent conductivity 
ratios of 0 •<_ k d /k c £ 10^. Further, it is seen that most previous 
models fail at much lower conductivity ratios. Thus the correlations 
described herein represent a significant extrapolation of previous 
model s . 



TABLE 6-1. COMPARISON OF BOUNDING CONDUCTIVITIES TO EXPERIMENTAL CONDUCTIVITIES 
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17.2 

10.6 

65.6 

145.54 

.451 

14 

Ai r 
2.34 

Lead 

2950 

30.4 

16.1 

455 

1260.6841 

.450 

15 

Water 

50.8 

Calcite 

310 

118 

. 104.4 

154.3 

6.1024 

.447 

16 

Air 

2.38 

Quartz 

950.1 

. 36.5 

14.0 

170.1 

398.7498 

.440 

17 

Air 

2.34 

Lead 

2950 

23.85 

15.4 

475.7 

1260.6841; 

.439 

18 

Water 
54.5 ■ 

Silica 

973.9 

216.0 

154.3 

356.0 

17.8689 ; 

.439 

19 

Air 

2.25 

Quartz 

945 

26.8 

12.7 

176.3 

i 

420 i 

.438 

20 

Air 

2.25 

Coal 

36 

11.8 

6.2 

13,6 

j 

16 1 

.437 

21 

: Hydrogen 

16.6 

Coal 

36 1 

25.3 

21.8 

I 27.7 

1 

i 2.1687 ! 

.437 



TABLE 6-1. Continued 


22 

, Air 

Si 1 i ca 

i 

1 

2.308 

973.9 

23 

Air 

Steel 

1 

2.34 

1 

3350 

24 

EtOH 

Silica 

. 

29.34 

973.9 

25 

Air 

Lead 


2.34 

2950 

26 

Water 

Silica 


54.5 

j 

973.9 

27 

IC8 

G1 ass 

i 

12.29 

93.96 

28 

Oil | 

Lead 


15.4 j 

2410 

29 

Water \ 

1 

Silica j 


54.5 

973.9 

30 ! 

Water 

Silica 1 

i 

i 

1 

54; 5 • j 

S 

973.9 i 

j 

31 ! 

Water j 

Silica i 


54.5 ; 

973.9 

32 ' 

j 

Water i 

Silica : 


54.5 

973.9 ; 


21.89 

! 13.0 

34.1 

1 

1 15.8 

i 

144.7 

98.4 

34.4 

i 

i 

| 15.4 

j 

244.9 

1 

l 

154.3 

35.14 

j 

26.5 

81.5 

73.1 

224.9 

: 

154.3 

217.4 

154.3 

218.9 

j 

154.3 

218.9 ! 

154.3 


* 


181.7 

j 421.9353 

i 

j 

.437 \ 

36 

604.7 

1 

1645.2996 

! 

.435 | 

i 

1 

6 

302.0 

33.198 

j 

.434 1 

26 

475.7 

J 

1260.6841 

\ 

1 

.433 j 

j 

6 ; 

356.1 

\ 

i 

17.8689 

■ 

.431 

• 

36 

44.6 

7.6485 

: 

.431 

36 

533.3 

j 

156.4935 j 

i 

.430 ; 

42 : 

356.1 | 

17.8689 1 

.430 : 

36 ! 

356.1 

17.8689 ; 

i 

\ 

.430 

36 

356.1 

7 

17.8689 ; 

.430 

36 

356.1 

‘ i 

17.8689 ! 

.430 | 

36 ! 



TABLE 6-1. Continued 


33 

l-L 

14.85 

SiC 

1550 

91 

65 

! 371.3 

1 104.3771 

.429 

37 

34 

Air 

2.08 

SiC 

1550 

20 

12.8 

266.2 

745.1921 

.429 

37 

35 

cot 

1.26 

SiC 

1550 

15.6 

8.3 

250.6 

1230.1594 

.429 

37 

36 

IC8 
1 2.29 

Si 1 i ca 
373. 9 

94.4 

50.6 

247.0 

79.2727 

.428 

36 

37 

IC8 

12.29 

Silica 

973.9 

94.0 

50.7 

- 

247 

79.2727 

.428 

36 

38 

Glycerin 

46.3 

Glass 

94 

73.3 

29.1 

j 73.3 

2.0289 

.428 

36 

39 

Water 

54.5 

Silica 

973.9 

207.0 

156.7 

1 

350.5 

17.8689 

.426 j 

36 

40 

Water 

54.5 

Si 1 i ca 
973.9 

212.9 

153.4 

358.0 

f 

17.8689 

.426 ; 

l 

36 

! 

i 

41 

hi r 

2.31 ' - 

Silica 

973.9 

22.3 

1 13 

182,6 

421 .9353 

.426 

36 

42 

ICS 

12.29 

Silica 

973.9 

70.9 

50.4 

248.4 

79.2727 

j 

.426 

! 35 

1 

43 

Air 

2.31 ; 

Glass 

94.0 : 

18.5 

i 8.1 

< 

| 27.9 

; 40.7097 

i 

.426 

j 36 



TABLE 6-1. Continued 


44 

1 Hel i um 

SiC 

61.5 


11.95 

1550 

45 

Hydrogen 

SiC 

85 


14.85 

1550 

46 

Air 

SiC 

22.6 


2.08 

1550 

47 

CO*. 

SiC 

14.7 


1.26 

1550 

48 

Air 

Silica 

22.6 


2.31 

973.9 

49 

CO, 

SiO 



1.2 

700 

16.3 

50 

Air 

2.41 

j SiO 
: 700 

23.8 

51 

Ai r 

SiO 

23.4 


2.41 

700 

52 

Air 

SiO 

25.2 


2.41 

700 

53 

Glycerin • 
26.3 i 

Silica 

973.9 

205.5 

54 

Air i 

Steel i 

44.6 


2.34 

3850 


54.4 

357.5 

129.7071 

.425 

3 ! 

i 

64.7 

• 373.3 

: 104.3771 

i 

.425 

37 

12.7 

1 267.7 

1 

745.1921 

i 

.425 

37 ; 

i 

8.2 

| 252 

i 

i 

| 1230.1594 

.425 

i 

i 

37 ; 

i 

13 

182.6 

1 

< 

i 

i 

i 

421.9353 

1 

! 

.424 

1 

36 ] 

{ 

7.1 

125 

j 583.3333 

1 

i 

.424 ‘ 

| j 

i 

36 : 

12.8 

139.5 

j 290.4563 

1 j 

! *424 j 

f ; 

j 

36 : 

12.8 

i 

\ 

i 139.5 

i 

290.4563 

f ! 

I .424 : 

I • : 

36 : 

12.8 

j 139.5 

i 

290.4563 

; j 

1 

■ » 

.424 | 

l j 

f 

36 | 

136.6 

342.2 

1 ! 

j 21 .0289 

[ f 

.424 | 

i 

i 

36 : 

15.7 

j 608 

j 

j 1645.2996 

.423 ; 

6 : 



TABLE 6-1. Continued 


55 

! EtOH 
29.3 

Silica 
973.9 • 

56 

EtOH 

Glass 1 


29.3 

j 

94.0 1 

f 

57 

Air 

2.34 

Lead 

2950 

58 

f 

Air 

2.41 

Glass 

93.5 

59 

Helium 

11.95 

• 

Glass 

93.5 

60 

Helium 

11.95 ; 

i 

Glass 1 

93.5 

61 

EtOH j 

29.6 ! 

i 

Glass 1 

93.5 

62 

EtOH 

29.6 I 

i 

Glass ; 

93.5 

63 

Glycerol 1 
45.4 ■ j 

j 

Glass 

93.5 

64 

Water 
51.6 i 

j 

Glass 

93.5 

65 

Water ! 

Glass 


51.6 ; 

93.5 


163.8 

55.4 

* 

j 



34.2 


35.6 

53.3 

55 


71.4 j 

i 


71 .6 
71.4 


97.9 

45.3 

15.3 

8.4 

25.9 
25.9 

45.5 

45.5 

58.1 

62.3 
62.3 


303.6 

33.1980 

.423 ! 

i 

36 

61.7 

3.2030 

I 

.423 ! 

: 

l 

36 

478.3 

1260.6841 

! 

.420 ! 

6 

28.1 

38.7967 

.420 j 

i 

36 

44.3 

7.8243 

I 

.420 | 

| 

36 

44.3 

7.8243 

.420 

36 

61.8 

i 

3.1588 • | 

.420 

| 

36 

61.8 

3.1588 ; 

| 

.420 ' 

{ 

r 

36 

73.8 

2.0595 j 

j 

.420 | 

\ 

1 

36 

78.1 

, 1.8120 ! 

| 

.428 ! 

36 


78.1 


1.8120 


.420 


36 



TABLE 6-1. Continued 


66 ! 

Water 

j Lead t 

358 

j 

51.1 

3000 • ’ 

67 

i IC8 

Silica 

70.7 


12:3 

973.9 

68 

IC8 

Silica 

71.3 


12.3 

973.9 

69 

! Eton 
1 29.3 . 

Silica 

973.9 

144.4 

70 

i 

! Air 

Steel 

37.8 


! 2.34 

| 

3850 

71 

i Air 

Lead 

42.5 


2.48 

2950 

72 

! Air 

Quartz 

29.7 


2.25 

1 

945 

73 

s Ai r 

Lead 

36.4 


2.34 

1 

2950 

74 

r 

j Air 

: Glass 

17.1 


2.308 

i 

94.0 

75 

I 

i Water 

54.5 

Silica 
i 973.9 

230.8 

76 

| 

Air 

Steel 

35.1 


2.34 

3850 1 


196.1 .j 

816.9 | 

58.7084 

.420 

50.4 

248.4 

79.2727 

.420 

50.4 

248.4 

79.2727 

.419 

97.9 

303.6 

33.198 

.418 

15.7 

608 

1645.2996 

.417 

16.1 

481.4 

1189.5161 

.417 

12.7 

177.3 

420 

.416 

15.3 

478.3 

1260.6841 

.416 

8.1 

27.9 

40.7097 i 

.414 

153.4 

358.0 

17.8689 j 

.414 

15.7 ; 

608 

1645.2996 

.413 



TABLE 6-1. Continued 


77 

Hydrogen 

14.85 

SiC i 

1550 ■ | 

100.7 

64.7 

78 

Ai r 
2.08 

SiC I 

1550 ! 

22.4 

12.7 

79 

1 .26 

SiC 

1550 

17.8 

82.1 

80 

Air 

2.86 

Sand 

187.5 

20.7 

11.3 

81 

EtOH 

29.3 

Silica 

973.9 

154.9 

97.9 

82 

Water 

54.5 

Glass 

94 

73.1 

64.3 

83 

Air 

2.31 

Silica 
973. 9 

24.6 

13 

84 ; 

1 

Air 

2.34 

Steel 

3850 

51.7 

15.7 

85 ; 

Air 

2.14 

Lead 

3000 

i 

32.3 j 

14.1 

86 j 

i 

j 

Air i 

2.48 | 

Copper 

32950 

78.6 

18.4 

CO 

Air 

2.34 

Steel 

3850 ; 

36.8 

15.7 


373.3 


104.3771 


.410 


37 




267.7 

745.1921 i 

| 

.410 

37 1 

252 

1230.1594| 

.410 

I 

l 

1 

37 j 

49.9 

i 

65.6250 ’ 

.410 

\ 

i 

29 ; 

303.6 

33.1980 j 

.410 

36 ' 

j 

80.2 

i 

; 1.7240 

, | 

.408 

i 

36 1 tn 

\ . 
i 

182.6 

1 

, 1 

1 421.9353 ' 

.408 : 

I 

! 

36 j 

1 

608 

1645.2996 

i 

.406 | 

6 ! 

i 

481.1 

1401 .8694 

.406 ‘ 

j 

i 

j 

42 j 

4700 

13313.2539 

i 

.403 1 

56 ; 


1645.2996, .402 j 6 ! 


608 


115 



TABLE 6-1. 


Conti nued 


88 

Air 

2.34 

Steel 
3850. ' 

47.5 

15.7 

608.0 

1645.3 

.401 

6 

89 

Air 

2.14 

Lead 

3000. 

32.5 

14.1 

481.1 

1401.9 

.401 

42 

90 

Air 

2.25 

Lead 

3030. 

37.0 

14.8 

487.9 

1346.7 

.400 

35 

91 

Hydrogen 

16.6 

Lead 

3030. 

120.6 

80.8 

655.2 

182.5 

.400 

35 

92 

Water 

54.5 

Lead 

3030. 

298.0 

206.5 

835.3 

55.6 

.400 

35 

93 

Glycerin 

24.4 

Lead 

3030. 

176.0 

110.1 

704.9 

124.2 

.400 

35 

94 

Hydrogen 

12.6 

Glass 

93.5 

39.6 

26.7 

45.1 

7.42 

.400 

57 

95 

Air 

2.48 

Glass 

93.5 

15.5 

8.6 

28.3 

37.7 

.400 

57 

96 

Air 

2.91 

Steel 

4500. 

53.2 

19.4 

714.8 

1546.4 

.400 

29 

97 

Air 

2.91 

Steel 

4500. 

55.4 

19.4 

714.8 

1546.4 

.400 

29 

98 

Air 

2.91 

Steel 

4500. 

58.5 

19.4 

714.8 

1546.4 

.400 

29 



TABLE 6*1.. Continued 


99 

Air 

2.91 

Steel 
4500. • 

59.5 

19.4 

714.8 

1546.4 

.400 

29 

100 

Air 

2.91 

Steel 

4500. 

61.1 

19.4 

714.8 

1546.4 

.400 

29 

101 

Air 

2.34 

Cell ite 
92.0 

23.4 

8.2 

27.5 

39.3 

.400 

42 

102 

Air 

2.41 

Coal 

36.0 

10.2 

6.4 

13.9 

14.9 

.400 

42 

103 

EtOH 

15.7 

Lead 

3000. 

126.0 

77.0 

643.3 

191.1 

.397 

36 

104 

Air 

2.34 

Steel 

3850. 

43.5 

15.7 

608.0 

1645.3 

.394 

6 

105 

Air 

2.34 

Steel 

3850. 

51.7 

15.7 

608.0 

1645.3 

.394 

6 

106 

EtOH 

29.3 

Copper 

33163. 

327.6 

198.4 

5197.1 

1130.5 

.392 

36 

107 

Air 

2.34 

Steel 

3850. 

40.3 

16.0 

597.1 

1645.3 

.391 

6 

108 

Water 

50.9 

Lead 

3000. 

327.0 

193.5 

824.8 

58.9 

.391 

42 

109 

Air 

2.34 

Steel 

3850. 

44.6 

15.6 

614.4 

1645.3 

.390 

6 



TABLE 6-1 . Continued 


no 

Air 

2.85 

Sand 

187.6 

26.3 

11.1 

50.4 

65.6 

.390 

29 

m 

Air 

2.38 

Quartz 

950.1 

41.8 

13.2 

181.7 

398.7 

.390 

56 

112 

EtOH 

29.8 

Copper 

11500. 

318.0 

163.7 

2210.0 

385.9 

.388 

36 

113 

EtOH 

29.8 

Copper 

11500. 

342.0 

163.7 

2210.0 

385.9 

.388 

36 

114 

Glycerin 

45.4 

Copper 

11500. 

580.0 

232.2 

2370.0 

253.3 

.388 

36 

115 

Glycerin 

45.4 

Copper 

11500. 

595.0 

232.2 

2370.0 

253.3 

.388 

36 

116 

Water 

51.6 

Copper 

11500. 

550.0 

257.8 

2424.0 

222.9 

.388 

36 

117 

Water 

51.6 

Copper 

11500. 

615.0 

257.8 

2424.0 

222.9 

.388 

36 

118 

Water 

51.6 

Copper 

11500. 

630.0 

257.8 

2424.0 

222.9 

.388 

36 

119 

Water 

54.5 

Copper 

33163. 

629.9 

321.2 

5950.6 

608.5 

.387 

36 

120 

Water 

54.5 

Copper 

33163. 

597.1 

321.2 

5950.6 

608.5 

.387 

36 


118 



TABLE 6-1. Continued 


121 

EtOH 

29.33 

Copper 

33163. 

323.1 

321.2 

5950.6 

1130.5 

.386 

36 

122 

Glycerin 

46.3 

Copper 

33163. 

607.6 

321.2 

5950.6 

716.1 

.386 

36 

123 

Glycerin 

46.3 

Copper 

33163. 

549.5 

187.5 

5499.4 

716.1 

.385 

36 

124 

Water 

54.5 

Copper 

33163. 

634.4 

279.4 

5818.1 

608.5 

.384 

36 

125 

Air 

2.43 

Steel 

3030. 

45.0 

15.7 

497.1 

1246.9 

.380 

58 

126 

Methane 

3.0 

Steel 

3300. 

55.8 

19.1 

548.9 

1100.0 

.380 

58 

127 

Propane 

1.6 

Steel 

3300. 

35.0 

10.9 

516.5 

2062.5 

.380 

58 

128 

C0 2 

1.35 

Steel 

3300. 

32.4 

9.3 

509.8 

2444.4 

.380 

58 

129 

Hydrogen 

16.4 

Steel 

3300. 

188.0 

80.4 

708.4 ' 

201.2 

.380 

58 

130 

Air 

2.34 

Steel 

2850. 

45.7 

15.1 

468.7 

1217.9 

.380 

6 

131 

Oil 

15.4 

Lead 

2410. 

101 .0 

72.0 

541.9 

156.5 

.380 

57 



TABLE 6-1. Continued 


132 

Air 

2.86 

Sand 

187.6 

26.4 

11.1 

50.4 

65.6 

.370 

29 

133 

Air 

2.25 

Steel 

2250. 

35.6 

14.2 

378.4 

1000.0 

.365 

35 

134 

Hydrogen 

16.6 

Steel 

2250. 

110.0 

75.5 

520.0 

135.5 

.365 

35 

135 

Helium 

11.95 

Glass 

93.5 

31.1 

25.6 

44.8 

7.8 

.350 

37 

136 

Air 

2.12 

Glass 

93.5 

13.8 

7.5 

27.5 

44.1 

.350 

37 

137 

Air 

2.08 

Glass 

59.1 

13.8 

6.61 

19.4 

28.3 

.349 

59 

138 

Air 

2.23 

Lead 

3030. 

34.2 

14.5 

492.6 

1358.7 

.346 

12 

139 

Hydrogen 

14.9 

SiC 

1548.7 

95.4 

64.1 

377.2 

104.0 

.328 

59 

140 

Air 

2.08 

SiC 

1548.7 

27.3 

12.6 

270.4 

742.8 

.328 

59 

141 

CO, 

1.27 

SiC 

1548.7 

26.2 

8.2 

254.6 

1223.5 

.328 

59 

142 

Hydrogen 

14.9 

SiC 

1548.7 

61.7 

64.1 

377.2 

104.0 

.325 

59 



TABLE 6-1. Continued 


143 

Air 

2.08 

SiC 

1548.7 

27.0 

12.6 

270.4 

742.9 

.325 

59 

144 

C0 2 

1.27 

SiC 

1548.7 

25.2 

8.2 

254.6 

1223.5 

.325 

59 

145 

Air 

2.38 

Quartz 

950.1 

49.0 

13.4 

178.1 

398.7 

.310 

56 

146 

Hydrogen 

14.9 

SiC 

1548.7 

110.8 

62.5 

386.4 

104.0 

.308 

59 

147 

Air 

2.08 

SiC 

1548.7 

27.5 

12.3 

277.0 

742.9 

.308 

59 

148 

C0 2 

1.27 

SiC 

1548.7 

26.4 

7.97 

260.7 

1223.5 

.308 

59 

149 

Helium 

12.0 

SiC 

1548.7 

85.2 

52.7 

260.7 

129.2 

.308 

59 

150 

Air 

2.25 

Lead 

3030. 

58.4 

14.3 

505.1 

1346.7 

.310 

35 

151 

Air 

2.25 

Quartz 

945.0 

70.0 

12.2 

183.5 

420.0 

.276 

37 

152 

Air 

2.25 

Quartz 

945.0 

76.0 

12.2 

183.5 

420.0 

.241 

37 

153 

Water 

54.5 

S.S. 

1795.9 

272.5 

195.8 

496.8 

33.0 

.501 

36 



TABLE 6-1 . Continued 


154 

Glycerin 

46.3 

s.s. 

1795.9 

248.7 

172.9 

475.5 

38.8 

.502 

36 

155 

EtOH 

29.3 

S.S. 

1795.9 

172.7 

120.7 

422.3 

61.2 

.505 

36 

156 

Hydrogen 

14.85 

(c 6 h 5 ) 2 nh 

18.9 

16.5 

16.7 

16.7 

1.3 

.513 

37 

157 

Air 

2.08 

(c 6 h 5 ) 2 nh 

18.9 

6.9 

5.1 

7.5 

9.1 

.513 

37 

158 

Hydrogen 

14.85 

SiC 

1550. 

46. 

68.3 

322.1 

104.4 

.518 

37 

159 

CO, 

.1578x10-7 

Basalt 

90.7 

.1061 

.1280x10 

10.53 

5.75x10 

.540 

3 

160 

C0 2 , 

. 1856x10"' 

Basal t 
90.7 

.08183 

.1760x10 

9.0 

4.89x10 

.600 

3 

161 

.2373x10 ' 

Basalt 

90.7 

.05598 

.1933x10 

10.47 

3.82x10 

.654 

3 

162 

C0 2 

. 2967xl0 _/ 

Basalt 

90.7 

.0511 

.2747x10 

8.90 

3.16x10 

.683 

3 

163 

C0 2 1 

.4764x10" 7 

Basalt 

90.7 

.0414 

.181x10 

19.15 

2.23x10 

• .721 

3 

164 

C0 2 

.1464X10"' 

Basalt 

90.7 

.1404 

.652x10 

19.15 

6.19x10 

.470 

37 
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165 

Air 

2.08 

SiC 

1550. 

15.6 

12.7 

218.9 

745.2 

.518 

37 

166 

C0 2 

1.26 

SiC 

1550. 

11.85 

8.1 

205.6 

1230.2 

.518 

37 

167 

Air 

2.47 

Iron 

5628.9 

39.9 

13.2 

584.0 

2277.1 

.575 

56 

168 

Oil 

15.4 

Copper 

32000. 

130. 

80.6 

3365. 

2077.9 

.580 

57 

169 

Oil 

15.4 

Steel 

3500. 

81.5 

62.2 

512.8 

227.3 

.580 

42 

170 

Oil 

15.4 

Glass 

61.2 

29.8 

25.2 

31.2 

3.974 

.580 

42 

171 

Oil 

15.4 

lead 

2410. 

60. 

58.7 

381.7 

156.5 

.580 

42 

172 

C0 2 

.2013 

Basalt 

96.8 

1.024 

.602 

18.28 

480.7 

.720 

3 
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EFFECTIVE. TmC 

C^Si 

hXPuS I'ltMAL 

MA <w£ LL 


21 > ?w c 99 

9* 5 084 


2?*s95 99 

9. 8o«}-7 

-■ 

75.5- 

A7. « 798 

L 

2 4 6» 

1 bh. ,47621 

K 

212%' • 

1 86. 622 8? 

c 

1* 15 - 

a 33 894 

7 

o3,59-99 

5 o . 1492 

K 

25. . •: *' ’ 

1 • 54 33 5 

c 

i 7 . 5 '• 

9. 47 8 92 

1 

6 3.5':,: • 

57. 5 5 '86 

1 1 

1 2 7 . • ■ •" 

130. 42 7 92 

1 1 

19. ; ■ 

9 . 522 8' 

1 J 

17.7 ■■■■• 

9. 56628 


10 . 87432 


SELECTED FLUX LAW MODELS 

ML C CNOiJCT I V! TY { KC/'L/ V ' — HR -X ) X 1- 


R AYLFIGH 

ME 8 EG IT H 
£ T 03 IAS 

BP UG GEM AM 

10.32832 

1 1.925 1 

17. 3 1 554 

10.85322 

12.473 4 

19.95781 

52.14- 9g 

6" .15973 

88. 53.4' 8 

173. 89758 

2-. 3 .6 l Q 94 

254,9'' ^24 

199.79781 

233.31593 

278.58374 

% 3763 2 

" .47272 

‘.6 54 '5 

6 .1416 3 

7 • .9 1235 

77.23344 

U. 86223 

1 3 . 5 0 2 7 1 

2 .33421 

1 .723 '3 

12.25495 

19. 18465 

62.29413 

73.55656 

6% "‘1877 

134.33577 

158.94153 

143.49553 

1 .81323 

12.34107 

19. 422*4 

1 . 8 62** l 

12.39723 

19. 52473 

12.47522 

14.11478 

25.^7587 
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CONDUCTIVITY 

(KCAL/^-HR-K ) X 1 ^ 


<; _ 

i_ 

.:XP29 !-‘‘_;^TAL 

MAXWELL 

RAYLFIGH 

MERFQ IT H 
8 TOBIAS 

RRUGGfMAN 

'• 5 

i i i « 

132.23 15 

136.36444 

161.73436 

145.45184 

l c 

36.? < 

11.31 4Z« 

13.12694 

14.79332 

2 5. 9*9* 7 

t 

Z 3 a b 6 4 9 V 

11.2624c 

13. 12744 

14.7441? 

26. 9 6 QP 9 

it 

2 1 o. ! '- 

2-3.2 45 

221.369 6 

262.35938 

2 78. 5*2317 

■( c 

26,79559 

1 . 771.65 

12.53937 

14. 11124 

24.39319 


.1 1 • b . 

8.215 55 

8.91646 

If .59934 

1’ .98189 

1 

25.25 r 99 

2 5. 92 3 V 

26.“1422 

28. 591'" 3 

26.13719 

' * 

2 1. 89‘ -! . 

11. r 85 24 

12.92428 

14.53338 

25.70222 


34 , 96 9 9 

11.^1934 

13.39532 

1 4.99745 

27. 84776 

2 <+ 

14 6.7 " . 

123. 34- 3 6 

13 9.1313'- 

161.94435 

193. 329 r 6 

/ b 

36.39699 

! 1. 48216 

13.51269 

15.1, 2 r 1 

28. '5673 

it 

244. 8S C 99 

2 7.3.269 

227.26255 

269 ,5*' 562 

285. 582s r 4 

2 7 

^ ^ o ^ ^ ■ 

36. ■ •6367 

37.77673 

45 0 365 14 

41 0 2533 7 

k 

c I © 5 

74. ■'1193 

86.59778 

97 o546S8 

16--. 52133 
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EFFECTIVE THE.KMi|_ 
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(KCAL/ M-HR-K ) X l' ' 
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IMFNTAL 

• V A XWE LL 

RAYLEIGH 

YEP EDITH 
£ TOBIAS 

BPUGGEMAN 

2 9 

224. 89 f 99 

2,; 7. 82314 

228. 4232 

2 7 f * , 4 1699 

286. 4-* 747 


2 i 7. ?««?? 

2; 7. 6231 4 

2 2 8.- 4282 

27* .41699 

286.352'' 5 

21 

2 3 6 . 8 C 9 9 9 

2 f 7, 62314 

2 2 8. f 423 2 

27'. 41609 

286.36499 

2 2 

213.89999 

2'-’ 7. 82 314 

228. "'4282 

2 7 . 4 1 6 9 9 

286. 36499 

23 

91.= ♦•"■• 

7 '=.38 913 

8 2. =8178 8 

92.91613 

144.37750 

2 4 

2’.. • ' ? ' 

1 .3 813 

12.19656 

13.6 “151 

25.16855 


1^.6 .. 

6.26272 

7.41735 

9.26378 

15.52164 

3fc 

44,3 C 999 

37. 913-53 

6 6.765'' 3 

75.37- 54 

1 12. 611 A 5 

? 7 

94.39999 

37.61353 

66. 765" 3 

75.87' 54 

112.61 V' 5 

Q K' 

72. 2=999 

7' . ’ 6 798 

7 .26729 

76 .9 5 v * 7 

7 -.51149 

.3 V 

2 ,7.' 

2 ;9. 92133 

231. 12563 

274.1 1352 

239. 76661 


2 12. ?9 f 99 

2 -9.92133 

231 .12-563. 

274. 10 352 

289.8496-1 

4 I 

2 2 • 2 ? c 9 9 

11.49383 

13. 64:’ 46 

15.2H8* 

27. 59843 

z ~ 

7-.. 839 9 3 

5 7. 86713. 

67.37192 

76.46379 

113. 7663 r 
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EFFECTIVE THERMAL 

C C?\DUC T I VI TY 

{KC AL/ M-HR-K ) X 1-1 

■ 

C A S E 

EXP £.". IHSNTAL 

MA Xnt LL 

RAYLEIGH 

MEREDITH 
f 4 TOBIAS 

RRIJGGRMAN 

Hi 

15*5 .’• 

1 .25 ‘56 

11.69546 

13. 5U78 

17.37311 


b 1 . 5 '■ 

57. 93112 

6 8. 1 5 1 6 

76.65494 

124.-1643 

H 

'i c • ■ ’ 

71.27- 59 

83.55272 

94.28964 

147.4883? 

4 . / 

22 . 5^59 

1 .443-2 

1 ?. • 441 " 9 

13.82354 

25.36356 

^ 7 

15.7 ■ '••- 

6 . 34491 

7. 56726 

3.39843 

15.94831 

4 j : 

22.599 c 9 

li . 5685 9 

13.77651 

15.32526 

27. 95539 

4 c 

16 . 25 599 

6 . 3135 

7.19243 

7.99-74 

14. 93359 

± . ' 

23.79599 

11.99753 

14.25591 

15.S92R2 

28.27923 

b i 

2 3 . 3 8 9 5 9 

11.99753 

14.25591 

15.89282 

28.22726 

5 2 

2 5.2 • 

11.59753 

14.25591 

15.89282 

23.233'*'* 

f * 

2 5.5 ■ 

I 85. 74664 

? ^6.64229 

243.69396 

267.73511 

b *< 

44.59^89 

11. 37461 

14 .2 19; 3 

15.74392 

3“'. ?45 83 

b n 

167.79599 

12 7. 5 6 ' '6 ' 

145o 15849 

163.41991 

2’* 7® r 2396 

" e 

55.35999 

5 7.76314 

5 8 o 4 3 5 8 2 

67 0 4 2399 

59o36321 
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C AT L 


EFFEC T1 tft THERMAL 

CONDUCT! VI TY 

(KCAL/ M-HP-K ) X l : -V 


C i S t: 

f. X? lR ! v c*N T A L 

MA XWtLL 

RAYLEIGH 

MFREQ ITH 
& T 08 1 AS 


8PUGGEMAN 

hi 

if.- 

11. 57=62 

14.4175“' 

15.9213' 


3- '• 67440 

C, c 

17*; Stcy 

1 , S 734 

12.42? 19 

14.31884 


18.3.' 139 

c c 

3 4.2' = 

3 6. 1 3 573 

38.* 7352 

45.9V 64 


41. 589 , '0 

C ' 

35.59999 

36* 13 9 33 

36.47352 

45.94^64 


41.59145 

L, A 

53.29999 

5 5. 6 ■ 3 6 

58.721*7 

67.75734 


59.6' 811 

£ £ 

- ^ 0 ' 

53.- 4 "3 6 

5 5 * 7 ,7 1 7 

67.75734 


59. 6~846 

\ —> 

71, 39*799 

t 5 . 65447 

69*89546 

76.79613 


T-. 13710 

tr*x 

71, 55999 

73.42126 

73. 53989 

79.45315 


73.66144 

c r 

71 .’St 99 

73. 4212c 

73. 5 3 309 

79.45815 


73. 68?:7 

f.c 

25 6.: . 

23°, 40^76 

279. 1 55, “3 

317.83447 


447.21973 

t ? 

7: , 7 

5b, c 5 1 1 5 

69.3 '759 

78 . 3 4 f< - 39 


117.3372*' 

6 c 

71,2999? 

59. 1 7392 

65.63153 

78.64911 


117.93312 


! 1 4 . 3 9 9 9 5 

12°. 4. 219 

149. 14'* 9 “ 

17 1.56953 


21'V 78299 

7* 

37,75995 

12.1 1177 

14.66577 

16.1 3574 


31. 52058 
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Rf M.'CTI W TH 5 ‘ M A L 

CONDUCT I VI TV 
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CAbf 

t X P h ^ I ’ v c: N Til 

I- A XWC l L 

RAYLUGM 

MRP FP IT H 
£ TPBIAS 

rrijggfman 

Vi 

a?. 5 ; . 

12. d 1 c ’13 

15.51392 

17. ."7ft 14 

33. ‘92 r 7 

7 7: 

2 9 . 7 

li . 565r>i 

13. °736 1 

15.42 64 

28. 67444 

7 2 

3 6 « 3 9 c . 9 9 

12.13535 

14.7?.: 5 5 

16. 1 ft 49 1 

31.54257 

7 s 

17. 99C9 

1 ' , 596 76 

12.3149 

14.1 1691 

1ft. *-"182 

*7 ^ 

’2 .79- 99 

?lo. 3 a 53 7 

24 .84163 

285.57251 

3"'-. 92358 

7 c 

35. 9999 

12.27366 

1 4. Q 737 5 

16.4-419 

32.44739 

77 

: .7 

74. 72 7 9 

89.82*99 

1- ■•■‘‘.•19573 

1 59. 95567 

7c 

22.34999 

1 » 972 <8 

13. -*47 18 

14.7v 

28.6317P 

7 c . 

17,79599 

6 * 66 73 2 

ft. 16226 

6 .9 3278 

17.7*522 

b 

2 o 7- 

13. 94991 

16.5717’ 

18 .67726 

27. 15118 

r l 

15^o Qf ,-499 

132. 393.92 

153.15465 

176.77412 

217. 64229 


7 3 o * 99 5 9 

75* 765 54 

75. 89779 

61 0 73167 

75 0 99522 


2A 0 55 cqt) 

12. 192 52 

14 0 9553- 

16 a 3 6278 

3lo^-6195 


bio?-.- V. 

\? s 56448 

15 o 55 83 5 

16 oS 89 57 

’34o'*9999 
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AT A 


if >■ h E C T I V E 7 H E ? -3 A L 

CCNOUCTI VI TY 

(KCAL/M-HP-K ) X ] 

l,'* 

A S 5 

2XP F_P IM<r»;TAL 

VAXWC ti- 

8AYLEIGH 

HEP EDITH 
6 TOBIAS 

BPUGGFMAN 

c 6 

32.29569 

ll, 96351 

19.21559 

15.93593 

31. '‘2811 

£ c 

7c.5 c 959 

13.99535 

16.39593 

18 • IP 3 15 

37.76852 

t 7 

2c.799?9 

17. 7355* 

15.8. 9?:' 

17.179V 

35»' , '53 c 6 

96 

9 7.5 

12. 77873 

15.99993 

17.29633 

35.29*82 

p c 

2 2.5 

11,679 3 

19.61817 

15.76233 

32.19775 

c. 

37.' . ' ' 

12. 31857 

15.95297 

16.63954 

3 9 * s • 5 9 2 7 


12 . 6 C 999 

83. 33 6 7 

1 ‘9.36789 

1 19.39586 

212.98223 

92 

26?..* - 

27 .12842 

329. 532 *3 

369.7"' 2* 

514. 5-n?? 

C 

17 6.' v • - 

127. 89821 

157.29983 

172.79655 

289.11646 

c *< 

'Z *1 

3. q t c c c c c 

? P. 751 3:- 

91. 5339 

99.93776 

44. 29 5^1 

c ~ 
- -■> 

15. S' 

11. 74629 

13.87323 

15.83732 

2. .21«'43 


53.2' . 

16. 991 77 

2 " 313 

21.5 3 29 1 

44, 2'" 741 

9 7 

55.35999 

15. 99177 

2 ’ . "313 

21.5 329 . 

44. 18*583 

c 8 

5 9.5 1 • - 

1 5* 991 77 

2 : : 313 

2 1 * 53296 

44. 1*' 7 A 1 
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c r F E C T I V E TH E R i-’A L 

CONDIJCTIVI TY 

(KCAL/M-HP-K) x 

ASF 

LXPL" Ir-'LNTAL 

■VA XWF LL 

F AYLFIGH 

«ER EC! IT H 
& TOBIAS 

c; l_ 

6 5 o 5 

15. ?4i 77 

2 ‘ 313 

21.5329- 

i 

61c c 599 

15. 94177 

2 o • 3 1 3 

21.5329" 

" * 

23.39999 . 

11.14626 

1 3 © 1917 3 

15c 1 ’ 31 f; 6 

I • A 

1 ' • ‘ ‘ 

a. t-6'- 07 

1 . 5443 5 

12.59192 

i 7. 

126. 

S4. 5 .43 8 

1 5.37512 

114.45631 

7. 4 

4 3 « ^ 

13. '8748 

16.65914 

17.76472 


51.7 

13® .87-1-8 

16.6591,4 

17 o7647 2 

1 £ 

32 7,55985 

164, 710 “3 

21. .52751 

?23®°6 l f 3 

^ ( 

•S . C C ’ . ^ 

H o £ *- • ' 

12. 22 3! 7 

16.95322 

17 e 99 337' 

} ' F 

3 2 7 o 

2 fc o 5 2 4 7 

319.54712 

?55o12133 

1 c: 

44 o 5 9 c 99 

13.26806 

I 7 o ' o’' 26 

13 o ! '7"39 

I 1 

2 6 c 2 5 j 9 

1 6„ 6' 4 5 ■ 

2.0 c 2473 6 

2"o 1697 2 

ni 

41 c75? 5? 

1 3o 33 6 '3 

17<, -'417 3 

18 o 16 58 3 

7 i ;■ 

31So • .. • '• 

1 6 8o • ? 546 

2 15, .747 7 5. 

229 R 27646 


8RUGG C N AN 

A4,'- 7 n 76 
44*2261° 
19. 4-’2Y 5 
12.64756 
2-' 5.92126 
37.21918 
37.22635 
466.13599 
37. 98355 

511.55884 
38. 34334 
29o 0R664 
35o 99596 

454c 3~273 
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( KCAL/ M-HR-K ) X ICC- 
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!*A XWE LL 

PAYLFIGH 

N1 Eft ED IT h 
l TOBIAS 
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i 1 3 

2 4 2 * ' • ! ' 

! 6d» 3545 

215.74771 

228.27646 

454. 94434 

l\ A 

58* . 

2 5?. 342 65 

3 24.5 '-"’n 

344 . 4"‘ 3 r 8 

658. 684' 4 

li*; 

55 5* ■ 

253. 842 35 

324 « 5'' > r ' ~ 

3 46. 4-' 3. 8 

658.8126' 

1 1 o 

b 5 . • ' ’ • '■ r 

2 3 7. 54614 

366.85 8‘- 1 

392.41496 

733. 746" 8 

: 1 7 

1 15. 

2 87. 5^+61 4 

366.858' 1 

392.414" 6 

734.41235 

1 1 8 

6 3- . - . 

2 8 7. 54 614 

366.858” 1 

382.4 14“ 6 

734.46753 

1 i c 

C 2 9 

?1 .217 '4 

4? ''.4 8 -.r 6 

423.5835" 

87 • 687‘ 1 

12. 

c 7 „ 'ccse 

3 1 * • 2 1 7 4 

4': * 5 8!" 8 

423*533 5"' 

869.52985 

12 1 

223. 9985 

1 6o. 33691 

21 6 * 5- c 9 2 

2 3* .'214? 

489."' 35 88 

1 2 2 

£7*55935 

2 6 5 * 3831 

343.4292' 

362.18555 

754. 622'7 

1 ? - 

54 9.5' ■' 

265. 86625 

345*538, 9 

363.74438 

759. '3125 

11 A 

c3^*3 c 55 

312.45* 44 

4 "-7, 98486 

429. •' 7178 

36Q. 4ft552 

i h! -•* 

4 5 • • ' ‘ 

14. 2493? 

1 8.811 13 

19.563*4 

42.4566? 

12 6 

66.795 c 9 

1 7. 57947 

23. 19818 

24.14168 

52. 1"484 
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1 _ 0 
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1 t P . ■ r ■ ’ . 
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241. 37253 

1 * 
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13. 71 9S3 

18.11* 8 9 
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13 1 

1 1 < ■ 
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218. 79996 

i 3 2 

26.39559 
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2 .41569 
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35o55 c ?5 
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19.2 ; 96. 1 
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IL ■ . : ' ■ 
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48. '9766 
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15.B4P73 

16.92C73 
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13 7 
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15,45354 
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14. 755 ’•! 

22 , ’ ’165 
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151, '12«3 

162,60764 
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w « 3 C > V ' 

1 3 • 2 ? ? 7 7 

33.78864 

45.63637 

23. 41 n 51 



TABLE 5 - 111 . CONTINUED 


EfFcCTIVS Trlc'MS.L CONDUCTIVITY { KCAL/ M-HR-K ) X l ' 1 ' 1 


«,/ H I t-< 

C AS:: 

‘:XP e? P-'LNTAL 

SCNJ F^FY 

WOODS IDF 
£ 6FSS W 5P. 

HFNGST 

GG89 IMG £ 
CHURCHILL 

l l 1 

26.?'" 

5*1 ? 6 

2 .8641 4 

3 - .27881 

17.13559 

142 

cl, 7" ' 

9.5 '51 

2"7. 32212 

217.277=5 

78.56728 

l ^ 3 

2 7* 

13* 3 ^ = 86 

3*. "631 3 

45.34 , 1* 

23. 5 5 *" 4 5 

! 4 

2 5.2 ■ 

5*2 48? 

21.3415 

3^ .413=7 

17.23967 

• ^ 5 

Ac* 

16.19675 

39.55229 

47.79639 

21.94421 

146 

3 1 ' •799 9? 

° 7 * 2 5' ? c 

216. .24 3'. 

222.7 5" 18 

8 "?. 93'* 69 

147 

27. A ' 

1 a. 3 9 9*6 

35.63449 

46.99461 

24.34375 

14- 

26*2995? 

6 * 82 5 37 

22. r 11 “2 

31.17998 

17.93273 

1 49 

3 5*2 

79. 34776 

? R ■' .2327 7 

199 .2 1664 

71.22929 

1 5* 

5 f *?9?99 

15.5 932 

38*857 r . 6 

55.96614 

32.62816 

151 

? * : ' ' 

i 7. R-A613 

4. 97521 

47.87144 

22.66267 

13 c 

76.‘ 

21.1 8156 

44. 51111 

5'. 18 568 

24.55772 

1 i 5 

272.5 . 

1 6 5. 7 651 

363.51343 

423.66528 

129.13-316 

15 4 

74 5*7 

144. 91 72 

323.16113 

378.1731-'* 

116.45776 



TABLE 6-11 1. CONTINUED 


c a t a 


ir^FFC T I VF THEvRD.iL 

CONDUCTIVITY 

(KCAL/ M-HR-K 1 X 1*0 


C :■ S * 

i IMf-iTAL 

FP.'iy 

WOODS IDF 
C *ESS wc: P 

HFNOST 

no PR IMG £ 
CHURCHILL 

1 r c 

1 72* 7 - ' 

r*3 # b" 5 7 1 

2 .? 6 • "15 " 9 

772.27515 

86. 88446 

T 3 r ' 

1 6 , E ' 

l-s 0 71 *9^ 

16.7916 . 

24.55 " f 5 

3.55-39 

: t* 7 

6 , r - ■ 

5 . ■ . 8 6 7 

7.55523 

9 .76847 

2.93787 

' r > H 

4 6* \ f ' ' 

46. 5 7545 

119.69244 

154.79541 

51. 782'' 6 

* ?■ c 

. 1 M 

a 

m 

:% *•» ■ f> ( :■> 

* ♦ 1 • 

D, "2 

1 /- : 

♦ • 3183 

‘ 6 ' * 


r- flL ,«V ,ri Hi 7". 
> • ’ • '■ •• 1 ' 

a, 

1 /• ■ 

: u 5 c a 

it) ' ' 

O 

- .-• * •. ' >*■ 

* • « ^ 

'. * *. *■* p 

‘ • ’ ’ 


1 c 2 

.'fir 


' • 

^ ^ f 

• • <•' 

r ! 

■ ■- 7 

> 4 1 4 ’ 

• * * ' ' 

» 

^ ~ ^ • ... : r> 

• 

<. " — r> ^ 

n - 4 

• , I 4- 4 " 

' ■ • ' ‘ V 

■ 4 

-' r - 

n ^ ^ r* f fv 

ri # or* 3 

• ,* t 

1 5 , f 

6 . 694 r 

1 :• . ? 67 6 

32.738* 7 

14.55421 

l 4 (■ 

* ’» .AC > 

.? O . ’ - 1 

4, 61 3 8 

11.43297 

21.57736 

l*' .493 82 

•i —» 

.1 *J t 

? 8. fcCC?(J 

4. 69.7 7 6 

13. 22589 

41.' 2341 

2'"' . 5 5 r 72 

' t £ 

1 3 . 1 

41,1 8 4 

111. 72429 

240.3 2" 14 

121.63942 



TABLE 6-111. CONTINUED 


>'.XT A 

EFFECT! VP THFRMAL 

conductivity 

(KC4L/M-HR-K ) X 1*0 


r a $ l 

L: X P c P I c M T A L SOM FREY 

WOODS I OF 
& w rSSYEP 

HEMGST 

GORRING & 
CHUR CHILL 

lt c 

ai. 5- 4‘.711R8 

] 6 . 3 0 8 2 ■ ' 

167.68166 

53. "75*1 

17 

?c. 7 coqcj 26. 41 ? 3 

31 . 46314 

42.294?° 

15.41379 

171 

6< . "■ • . i 4 514-16 

1 '3.88 419 

154. 2 5' 96 

51.28328 

17? 

1 ; ? i ".36333 

' .77145 

1.6997* 

'"*44762 



TABLE 6-1 V. COMPARISON OF SELECTED UNIFORM HEAT FLUX MODELS 


DATA 


EFFECTIVE THERMAL 

CONDUCTIVITY 

( KCAL/V-HR-K ) X ICO 


CASt 

EXPfcKiytNTAL 

VlLLHl TE # 

K 0 N I I S SM TH 

SCHUFA\.M 
£ VOSS 

PRESTON 

KRUPICZKA 

1 

2 l . 39999 

30.58623 

10.94355 

18.7C827 

16.19852 

2 

22. 39999 

47. 55049 

14.85457 

25.07813 

24.24138 

3 

75. 5C000 

163.22572 

55.93527 

85.43590 

82.96125 

A 

246.CCQ00 

400.29590 

158.42358 

242 .72 166 

209.9841C 

5 

272. C0300 

432.23389 

174,36879 

266.10303 

228.48177 

6 

1. Cl 500 

1.37111 

0.40426 

0.79117 

0.58865 

"T 

1 

63.59999 

133.91194 

50.24249 

80.66788 

61.53CC3 

R 

25. CCOCO 

46.32814 

12.68302 

2 1.55121 

18.21974 

9 

17.5CC00 

44.25276 

11.69747 

19.94258 

16.93826 

10 

6 3. 5 CO 00 

146.9C2C2 

51.99330 

8 3.38252 

62.99168 

11 

127. CCOOO 

224.19444 

112.45572 

174.73199 

124.08296 

12 

19. econo 

45.44478 

1 1.P0254 

2C. 11433 

17. C 6 64 5 

13 

17.2C000 

45.59529 

11. 84647 

2C. 18613 

17.12315 

14 

30.35999 

83.P5543 

19. 15C24 

31.59532 

31.86885 



TABLE S-IV. CONTINUED 


CAT A 


EFFECTIVE THERMAL 

CONDUCTIVITY 

( KCAL/y-HR-K ) X ICC 


CASA 

LXPE* IPtiMTU 

willhi re, 

KUNII 6 SNHH 

SCHljF AKN 

C vcss 

PRESTCN 

KRUPICZKA 

15 

118. CCOCO 

232.31764 

114.24954 

177.40428 

125.47821 

16 

36.50000 

74.129C3 

16.92627 

28.42311 

2 6.38243 

17 

23.34999 

93.82394 

20.22913 

33.72197 

33.77486 

13 

216. CC 000 

541 .22119 

183.03313 

278.77075 

217.02795 

19 

26. 79999 

72.28941 

16.30099 

27.41 541 

25.49240 

20 

ll.fiCCCO 

21.24439 

7.33154 

12.741C0 

8.558G4 

2 1 

25.29999 

31.74640 

24.32825 

40.24960 

25.07823 

22 

21.89000 

74.93779 

16.81395 

28 .24219 

26.29956 

2 3 

3 4 . C 9 9 9 9 

102.45132 

21.47824 

35.71642 

36.33392 

24 

144. 7C000 

418.10156 

120.99857 

IS 7 .44221 

150.96895 

25 

34.39999 

59.40475 

20.84668 

34.70860 

34.88362 

26 

244.85999 

572.65503 

187.48227 

285.26611 

220.84439 

27 

35. 14000 

73.13052 

31.21465 

51.11766 

34 .42345 

26 

8 1.5 COCO 

408. 71387 

95. 13149 

148.9C633 

136.8903C 



TABLE 6-1 V. CONTINUED 


DATA 


EFFECTIVE thermal 

CCf.'Cl'CT I V I TY 

( XCAL/M-HH-K ) X ICO 


CASE 

EXPERIMENT AL 

W I L L H I T t , 
KUJII 4 SMITH 

SCHUMANN 
£ VCSS 

PRcSTCN 

KRU8IC2KA 

29 

224.69999 

576.60229 

183. C 4 678 

286.C8984 

221.33124 

3 0 

217.39999 

576.60229 

188.04678 

286.08984 

221.33124 

31 

218.6999) 

576.60229 

186. C4 678 

266.08984 

221. 33124 

32 

218. 85999 

576.60229 

188.04678 

286.08934 

221.33124 

33 

91. CCCOO 

349.10938 

84.12898 

132.28313 

116.4958C 

34 

20.CCCG0 

82 .54218 

17. 37775 

29.14975 

28.26201 

35 

15. 6G000 

55.29848 

11.40983 

19.47205 

19. 1C077 

3 6 

94.39999 

264. 32520 

65.42412 

103.93791 

88.21062 

37 

54 . 35999 

264. 32520 

65.42412 

1C3. 93791 

88.21062 

3 8 

73.29999 

84.76138 

66.23185 

105.24437 

67.93713 

39 

207.00030 

592 .43018 

190.32243 

289.40918 

223.30064 

40 

212. 89499 

592.43018 

190. 3224.3 

289.40918 

223. 30064 

41 

22.29999 

82.85297 

17.72032 

29.7CC62 

27.684C7 

42 

70. 69995 

268.62280 

65.94923 

1C4. 73782 

88.80655 



TABLE 6-IV. CONTINUED 


data 


ELECTIVE THERMAL 

CONDUCTIVITY 

( KCAL/K-HR-K ) X ICO 


CASE 

EXPtRI CENTAL 

W I L L H I T E , 
KUM1I £ SfMTH 

SCHUMANN 
£ VCSS 

PftESTCN 

KRUPICZKA 

A3 

1P.5C000 

36.45332 

10.38 729 

17.79535 

13.12635 

A 4 

61. 5C0C0 

311.97437 

72 .38222 

114.51656 

1C2. 07315 

A 5 

85.CCOOO 

360.78979 

85.53532 

134.40306 

118.17538 

A 0 

22.59999 

65.55513 

17.72148 

29.70250 

28.84357 

47 

15. 70000 

57.34253 

11.64175 

19.85146 

19.52393 

A 8 

22.59999 

84. 3C673 

17.88850 

29 .97090 

27.94415 

49 

16.25999 

47.21161 

5.85118 

16.91360 

15.76856 

50 

23. 79999 

80.12569 

17.38402 

29.15985 

2 6.34326 

51 

23.35999 

80.12569 

17.38402 

29.15985 

26.34326 

52 

25. 20000 

60 .12569 

17.38402 

29.15985 

26.34326 

53 

205. 50000 

560.34937 

171.63145 

262.09570 

203.90205 

54 

A4. 59999 

1 14 .48170 

22.88257 

37.95303 

38.89476 

55 

163.79999 

453.54956 

125.76273 

194.51445 

155.36866 

56 

55.35999 

85.36807 

52.36089 

83.94774 

54.60246 



TABLE 6-IV. CONTINUED 


C A 1 A 


EFFECTIVE ThcRVAL 

cgnclc rrviTY 

( KCAl/R-HR-K ) X ICC 


CASL 

EXPERIMENTAL 

WILLHI TE, 
KLNII 6 S V l T 8 

SC HUN AM 

i vc ss 

PRESTCN 

KRUP ICZKA 

57 

36. COOOO 

1 1 1 .82214 

22.29712 

37.02130 

37.47093 

5 8 

17.09999 

41.02596 

1C. 93644 

18.65662 

13.68109 

5 9 

34.20000 

76.67021 

31.42694 

51 .45102 

34.42252 

60 

35.59999 

76.87021 

31.42694 

51 .45 1C2 

34.42252 

£1 

53.25999 

85 .84o62 

52.72963 

84.51462 

54. 8779C 

6? 

55. COOOO 

85.64662 

52. 72963 

84.51462 

54.8779C 

6 3 

71. 39999 

85.76227 

65.91762 

104.66968 

67.41853 

£4 

71 . 55999 

85.66153 

70.29794 

111.35236 

71.57538 

65 

71.39999 

85.66153 

70.29794 

111.35236 

71.57538 

6 6 

358. COOOO 

104 1 .736C8 

260.21729 

35C. 65063 

338.67065 

67 

70. 709 3 0 

261.76488 

67.68922 

107.38646 

90.6839 1 

6 8 

71 . 25999 

283.534C8 

67.55611 

107.79092 

90.99518 

69 

144.35999 

469.97610 

12 7.91452 

197.70503 

157.51135 

70 

37. 75999 

120.64456 

23.57863 

39.05948 

40.27135 


cn 



TABLE S-IV. CONTINUED 


DATA 


ELECTIVE THERMAL 

CHNCLC TI VI TY 

U<CAL/M— HR-K ) X ICO 


CASE 

EXPERIMENTAL 

WILLHITE , 
KUNII L SMITH 

SCHUMANN 
6 VCSS 

PRtSTCN 

KKUPICZKA 

71 

42. 5 C OOO 

120.251C5 

2 3.76529 

39.35597 

39.88403 

72 

29.7C0CC 

87.76758 

18.10641 

30.32092 

28.23933 

73 

36.39999 

115.72844 

22.74287 

37.73077 

38.32213 

74 

17.09999 

41.93744 

10.84972 

18.55441 

13.58416 

75 

230.79999 

640.26025 

197.46478 

299.81689 

22 9.43102 

lb 

33.09999 

124.80501 

24.05841 

39.82138 

41.22763 

11 

ICO. 70C0O 

405.39233 

91. 1C 52 7 

142.78535 

124.84547 

IQ 

22.39999 

97. 12326 

19. C 9 396 

31.90515 

31.18739 

79 

17.79999 

65.19725 

12.56905 

21.36546 

21.23581 

eo 

20.70000 

65.61769 

15. 58228 

26.25514 

20.38972 

81 

154.65999 

496.467C4 

131.46 788 

202.96892 

161.05682 

82 

73.09999 

87.70724 

73. 14 787 

115.678C9 

74.C0459 

83 

24.59959 

96.18216 

19.31223 

32.25484 

3C. 16375 

a 4 

51.7COOO 

132.18263 

24.92836 

41.20128 

42.97977 



TABLE 6-1 V CONTINUED 


DATA 


EFFECTIVE THERMAL 

CONDUCTIVITY 

{ 1<CAL/F-FR-K ) X ICO 


CASE 

tXPtRll*L\!T4L 

WILLHITC* 
KUMir 8 s^ith 

SCHUMANN 
£ Vf.SS 

PRESTCK 

KRLPICZKA 

8 5 

32. 259 99 

117.29691 

22.23698 

36.92557 

37.58433 

& 6 

78.99999 

199.335 17 

35.51990 

57.86070 

64.84431 

87 

36. 79999 

136.45222 

25.44284 

42. C 1639 

44 . 0284 C 

88 

47. 5COCO 

137.52550 

25.5734 1 

42.22316 

44.29619 

89 

32.50009 

122.02280 

22.80809 

37.83456 

39.12225 

90 

37.CCOCO 

128.29848 

23.94914 

35.64790 

41.CC87C 

9 1 

120.59999 

584.87109 

121.11996 

187.62265 

174.58882 

92 

29P.CC0C0 

1251.81343 

294.91 113 

440.46875 

377.66968 

93 

1 76.00000 

760.2434 l 

162. 79938 

249.14752 

226.25075 

94 

39.59999 

85.96399 

33.90945 

55.34254 

36.56947 

9 9 

15. 5C0Q0 

47.73401 

11.97573 

2C. 39729 

14.75896 

96 

53.20000 

l 70.37206 

31.65918 

51.81555 

54.68451 

97 

55.35999 

170.37206 

31.65918 

51.81555 

54.68451 

'98 

5S.5C000 

170.37206 

31.65918 

51.81555 

54.68451 



TABLE 6-1 V. CONTINUED 


DATA 


EH-tCTIVE THERMAL 

CONDUCTIVITY 

( KCAL/M-HR-K ) X ICC 


CASt 

EXPERIMENTAL 

WILLHI re, 
KUNII £ SMITH 

SCHUMANN 
6 VCSS 

PRESTCN 

KkUPICZKA 

59 

59.5CO0O 

170. 372C6 

31.65918 

51.81555 

54.68451 

ICO 

61.09999 

1 70.372C6 

31.65918 

51.81555 

54.68451 

101 

23.39999 

45.95647 

11.44436 

19.52858 

14. 16165 

102 

10.2CGU0 

2 7 . A 8 A A A 

6.53562 

14.74131 

9.68186 

1C 3 

126 . COQ 00 

573. 10AA9 

117.28314 

181.91517 

170.16017 

1 C A 

93. *50000 

1A5. 1 0 A A 3 

26. 51057 

A3. 70592 

46.23676 

10 5 

51. 700C0 

1 A 5 . 1 OA A .3 

26.51057 

43.7C592 

46.23676 

10 6 

327.59905 

1715.02881 

315.72598 

A70. 24634 

537 • 74292 

107 

AO. 29999 

148.38657 

26.92435 

AA. 35589 

47. 10522 

1C 8 

32 7. CCOOO 

1 2 7 1 . A A 1 8 9 

285.85645 

433.226C7 

371.82324 

109 

44.55999 

149.48515 

27.C6A07 

AA .58066 

47.39987 

110 

26.25999 

75.03748 

16.80733 

28.23152 

21.79857 

111 

A 1 . 75999 

111.82056 

21.44038 

35.65605 

33.45587 

112 

3 18 . CCOOO 

1407.86379 

265.20239 

A03. 57739 

418.94873 



TABLE 6-1 V. CONTINUED 


DATA 


EEEECTlVi: 1 H C 8 1* A L 

CCM3CC TIVI TY 

( KCAL/^-^R-K ) x ICO 


CASE 

EXPEKU'tMTAl 

WI LLHI f E * 
KUMII 6 SMTH 

SCHUMANN 

i voss 

PRtSTCN' 

KRUPICZKA 

113 

362. CCQQO 

1607.88379 

265. 20239 

603.57739 

618.96873 

116 

580. CCOOO 

1 0 i 6 . 3 1 7 3 7 

375.79/36 

555.72756 

560.92163 

115 

595.CCOQO 

1916.31787 

375.79736 

555.72756 

560.52163 

116 

550.CC0C0 

2009.59657 

615. 35303 

61 1 .70728 

611.90381 

117 

615. CCOOO 

2099.59697 

615.35303 

61L.7C728 

611.90381 

118 

630. COOCO 

2009 . 50657 

615.35303 

61 1.7C728 

611.90381 

119 

629. 95990 

2896.58716 

560.02856 

786.80811 

877. 19165 

12 0 

597. 099S5 

2856.58716 

560.02856 

786.80811 

677.19165 

121 

323.09085 

1792.875C0 

325.79C06 

686.60596 

557.69636 

122 

607, 59985 

2570.67017 

675.26123 

696.C8081 

783.57666 

123 

569. 5 COO 0 

2588.86763 

677.62015 

655.60625 

767.97876 

126 

636. 39090 

2956. 2C656 

568.06123 

798.C29Q5 

891.658CC 

125 

65. COO 00 

1 88.02725 

23.29333 

66.52072 

69.08376 

126 

55 . 75999 

190.22292 

36. 20032 

55.79771 

58.76028 



TABLE o-IV. CONTINUED 


DATA 


EEEcCT I Vt THERMAL 

CO.N'CUCT I V I TY 

( KCAl/M-hR-K ) X ICO 


CASE 

EXPERIMENTAL 

hillhi re, 

RUN 1 I r. SI'IIH 

SCHUMANN 
6 VCSS 

PRESTCN 

krupiczka 

127 

35. CO 000 

1 L4. 50127 

20. 19646 

33 .6 6980 

36.33409 

12b 

32.39999 

59.59148 

17.48831 

29.32759 

31.80313 

129 

13C.CC000 

683.11768 

133.78758 

206.40227 

195.06731 

130 

45.7 COCO 

151 .46167 

27. 13866 

44.69846 

46.99364 

131 

lOl.CCOOO 

59 3. C 84 2 3 

118.45277 

183.65854 

168.C9543 

132 

26.39999 

84.99678 

18.23677 

30.53023 

23.48619 

133 

35.59999 

154.58116 

27.24794 

44.87105 

47.1210C 

1 34 

11O.CCOO0 

669.15658 

131.65253 

203.24222 

183.83636 

135 

31. 04999 

1C5. 8 8724 

36.68158 

59.98622 

38.53994 

136 

13. 8 C 000 

58.70363 

12.93406 

21.96014 

15. 8569C 

13 7 

13. BCOCO 

45.93121 

10.94369 

18.70853 

12.81330 

138 

34.20900 

183.41197 

31.51228 

51.58502 

57.44498 

139 

95.30999 

668.09253 

129.35771 

199.84351 

175.85689 

1 A 0 

27.25999 

166.5C456 

28.89240 

47.46490 

50.64946 



TABLE 6-1 V. CONTINUED 


C A T A 


EFFECTIVE ThLHf'AL 

CDNCLCT IV ITY 

( kcal/m-fr-k ) X ICO 


CASE 

EXPERIMENTAL 

u I l l h i r E * 
K.UM1 I 6 SMTF 

SCHUMANN 
S VCSS 

PRtSTCN 

KRUPICZKA 

14 1 

2 <5 . 2 C C C 0 

113. 17553 

19.36655 

32.3A133 

35.58036 

142 

61 . 7CCOO 

6 7 8 . 12342 

131.C5650 

20 2. 3 55 71 

178.34125 

14 3 

27. CCCOO 

169.2C659 

29.34781 

48.18216 

51.67146 

1 A A 

25.2COOO 

1 15 .03691 

19.68665 

32.84468 

36.761C6 

1 A 3 

49. CCOCO 

179.21666 

31.78062 

52.CC621 

52.57718 

1A 6 

1 10. 75999 

7 35 .A7827 

1A 1.22 A 76 

217.39323 

193. 5858C 

1 A 7 

27. 5C0CQ 

184.69862 

32. 1C506 

52.51523 

58.C733C 

1 A 8 

26 . 33999 

125.6879A 

21.58565 

35.88768 

41.67722 

1 A 9 

85.21000 

6A2. 29883 

121 . 19238 

187.73024 

171. 1864C 

15 C 

5 8 . 355 9 9 

22A. 99965 

38.52536 

62.54784 

75.CC726 

151 

70. CCCCO 

201 .0651 1 

36.36180 

59.17522 

63.78119 

152 

76.CC900 

232. 1545 8 

AA. 17183 

71.31412 

83.49115 

153 

272. 5C0C0 

355.65238 

178.60139 

272.29443 

237.12428 

1 5 A 

2A8. 7 COCO 

356.15112 

157. 72AA6 

2 41.65421 

2 12.07915 



TABLE 6- IV. CONTINUED 


DATA 


EFFECTIVE thermal 

CGMCLCFIVI TV 

l KCAL/F-HK-K ) X ICO 


CASt 

EXPERIMENTAL 

WILLHITE, 
KUNII 8 SMTF 

SCHUi v AI\N 
£ VOSS 

PRES TON 

kruptczka 

155 

1 72. 7C000 

252.44057 

110.5807C 

171.93726 

153.71112 

156 

16. 5C000 

16.85527 

16.46114 

27.67363 

16. 72668 

157 

6.9COOO 

7.48778 

4.74239 

8.38C02 

5.55C88 

158 

46 . CC OCO 

121.25670 

62.07175 

98.82504 

87.33781 

15 9 

0. lCfeiO 

o.cccco 

O.CCCCO 

C.CCCCO 

o.ccccc 

160 

0.08183 

c.cccco 

o.cococ 

C.CCCCO 

o.cccco 

161 

0.C5598 

c.cccco 

o.cccoc 

C.CCCCO 

o.ccccc 

162 

0.05110 

o.cccco 

O.CCCCO 

c.cccoo 

o.cccoc 

163 

0.C4140 

c.cccco 

C.COCCC 

c.cccco 

o.cccoc 

164 

0. 14040 

o.cccco 

C.CCCCO 

c.cccoo 

o.ccccc 

165 

15.6C000 

25.685C3 

12. 15C19 

2C .68217 

18.75803 

166 

11, 85C00 

16.91458 

7.9CC69 

13.688C8 

12.28974 

167 

39.85999 

10.58608 

15.94372 

26.83890 

20.C0317 

168 

130.CC0C0 

64.8C984 

97.74626 

152.75218 

121. 11963 



TABLE 6-1 V. CONTINUED 


DATA 


Et-HfcCTlVE THERPAl. 

CONCUCTTVITY 

( KC AL / V-hK-K ) X ICO 


CASE 

EXPtfKiytN TAL 

V I L L H I r t * 

SCHUMANN 

PRES f C K 

KRUPICZKA 



KUNII i. SMTH 

£ VOSS 



169 

ai. scouo 

50 .4 9 6 34 

70.56*97 

1 1 1 .75790 

89 . 7092 1 

170 

2 9.79999 

24.32*29 

25.05066 

42.67*71 

27.67903 

171 

60.CC000 

*8.08287 

66.0**95 

104.86356 

83.26826 

172 

1 . C 2 A 0 0 

0.5*938 

0.85596 

1.62*** 

0.85991 



TABLE 6-V. COMPARISON OF SELECTED PARALLEL ISOTHERMS MODELS 


CAT A 


EFFECTIVE THERMAL 

CONDUCTIVITY 

(kcal/m-hr-k ) x ir-9 


CAS (: 

E<P£R IMtNTAL 

RUSSELL 

RFRNSTE I N 

WOODS IDE 

Equation 5-2 

1 

21.39999 

11.3 5" 94 

9.05587 

34.11279 

I3.3 r ' r 4r' 

t'. 

22.39^99 

11 • 91';2 5 

41.7 717 

1“ 7. 35464 

23.42773 

3 

7 5. 5f *_*•.* 

57. (2679 

59 . 5 P 623 

135.24553 

63.07611 

4 

2 4 6. 

193. 6767" 

122.72449 

257.7346? 

173.96913 

5 

2 7 2. nr n 

215.93659 

134. 165"' 4 

265.8176? 

19". 39352 

6 

1 • 1 5 


>.79519 

1.3951'" 

0.47514 

7 

63*59999 

63. -7 55 15 

49.49434 

58.13519 

52.52979 

e 

2 5*»'coro 

12.4119*' 

3 ;i .421>18 

49.47343 

14.54256 

C 

1 7 » 5- 9 

11. 145 '3 

32.36168 

39.663^6 

13. 5K'<?1 

1 f 

63.5'^r-X 

64. 579 '’9 

55.65683 

58.13519 

53.69958 

11 

127.' ;-r ■’* 

137. 792 S P 

107.82751 

78.63356 

1! 5. 79479 

13 

19.0 3 

11.18736 

34. 17Q48 

39.63994 

13.57578 

1 3 

n.?-' 

11.23781 

34. 1963’”'- 

39.66896 

13.61926 

} 4 

3 j. 3 99 9 9 

12. 88216 

299. 2 '‘85?* 

279.97795 

32. 79^16 



TABLE 5-Y. CONTINUED 


j /: 


EFFSTTIVt: HF4VYL 

CCNOLCTIVITV 

CKC4L/ v-HR-K ) X V" - 


S L 

‘ v j . ; r r " ?■ • T -\ i 

- * l . > v I . I 'i 1 1 L_ 

9 U S SE L L 

“ERM5TFI N 

WOGCS I DF 

Equation 5 

*» : 

*» 1 •' 

7 * 

15 9. 4'T 952 

11 ".9.-1 5 8 

7 8 » 7 7 ‘ 1 3 9 

1 1 7.15749 

^ r 

36.5 ' • 

13. 31236 

116. 19'"? 5 

1 ’4.51556 

22.^1546 

: 7 

2 3. etc -q 

1 3. 2 7Q 3! 

364. '556 

97Q # o77‘-5 

33.94025 

% ^ 

T 1 i 
... 4. '-/ « 

225. 7oc? 

? 1 9.44512 

1 «6. 8 96 31 

186.' 587.0 



12. 64572 

121.11266 

1 ! 3. 2 1956 

21.32'31 


: i , c 

9. 7oi a 

3. 23765 

7. ■■•9 9 29 

7.43614 

7 ? 

?.5.2 9 c =9 

? D» ! c - 4 

24. 39537 

12.9 3434 

24.85637 

r j j 

'1.59 

13. 2919 

124.73624 

1 ’ 6 • 34 o'" 

2l.97?64 

7 i 

3-t. r.ccj 

13. 44579 

5 4 • c 693 4 

354.25203 

38.64723 

t- 

144.7 ' 

14 , 5 641 5 

177,9986'. 

lf>3. 15637 

123, 33974 

7 IT 

3 4 . 3- 5 c 4 9 

12.5 4 6 

300.34941 

?79 .97765 

34.68524 

7 / 

2 A 4 , j-ecqt 

22°. 76244 

223.37694 

136.39631 

189.11176 

7 7 

3 5.14 

36. ^6917 

31 • 7’ 36 ’* 

22.33326 

31,64061 

7/ f 

41. c • 

66.25-27 

263.71073 

3^4.8 2? 7 5 

1'6 » 79'' 85 



TABLE S-V. CONTINUED 


f 4T L 

C AS F cXPtIR I TAL 

25 124.89999 

2' 217.39999 

21 2 1 P. 89 c 99 

32 213.89999 

2? 91 . ( 

3 4 2 k ,*:• -r-o 

2 5 15.6 : 

36 94.39999 

37 94.39999 

38 73.29995 

3 9 20 7. « f 

4/ 212. 69 c 99 

4 l 22.25999 

^2 


EFFECTIVE: THFP*AL 
RUSSELL 

23 '.26451 
2 3 ’. 26491 
23- .26491 
23 f '. 26491 
81.64751 
12.6931 9 
7. 35?°2 
66.42775 
66.42775 
7"'. 64775 
232. 29- 62 
232.29 62 
1 3. 4 473 r * 


1 - . 69959 


66. 78267 


CONDUCTIVITY ( KCAL/ M-HR-K ) X 17r» 


BFR.NSTEIN wnoosiDF Equation 5-2 


225.11832 
225. 11332 
225. 11332 
225. 11832 
245.34C85 
223. 66454 
222.26F' 5 
161.0X938 
1 6 1 * '7- 1 9 3 9 
66*64334 
232.78362 
232.78362 
148.-6477 
164.81833 


186.89631 

136.83631 

1 86.88631 

186.83631 

2 '9 • 56™ 84 
156.78442 
147. 3 33 6<!' 

138 .11543 

138.11543 

34.64285 

186.98631 

186.88631 

176.31741 

138.11543 


189.49945 
189.49045 

159. 49945 

189.49945 

9 r .58546 
25.14708 
18.72277 
68. 8542' 1 
6P*8542<"- 
67.55347 
191.^6364 
191.06364 
22.73375 
69.21 696 



TABLE S-V. CONTINUED 


? ;at ^ 


5 c F E C T I VE THFOM4L 

cnK'ourri vi tv 

(KCAL/ M-HR-K > X 1*“ 


C A S E 

: XFE* IOERTAl. 

KUSSL Lt 

B5RMSTFI 

WORDS IDE 

Equation 5-2 


18." ■:■..* 

11. 6SA16 

17.75331 

15.1 r n 

1'*. 54553 

44 

61,5" ». . ' 

67. 25276 

252.65945 

2* 2 . *7339 

79. '4689 

4? 

5 5, - 

87. 53639 

257.5 537 

2 9.5 6-‘ p 4 

91.57344 

4f 

? 2 , 5 5 9 9 9 

12.23 * 9? 

2 3 6 . '" 3 1 3 9 

156.7344? 

25,479^3 

* 7 

15, 7 • 

7. 43 69' 

234. 64 f 37 

147.3 336 *• 

19.9B4D4 

4 c 

^2. 59<'99 

13. 52346 

151 .941 25 

1 ^6 .31741 

22.87326 


16. 29999 

7. 95777 

1 ' 3 • 4 3 1 7 

73.1694ft 

1 3.4 r 7^ 2 


2?.7c$99 

14. 364 

11 .47327 

S' 1 ,59'>71 

24.91824 

5 1 

23.2^599 

1 4. ' 364 

11 ’*,47327 

ft "-.5 9'* 7 1 

2 r .91 824 

C y 

2 5,2 ■ ■ 

14. '*364 

11 •■,473 2 7 

ft f .5 9' 71 

2D. 91 824 

5 ? 

2 8,5 

2' 6. 76 81 9 

222.99376 

1 ft*.''' 768 2 

172. 'f*' 56 

5 £ 

i4,5ccc 9 

13. 91 * 75 

596. 35693 

354.25293 

4“. 33' 7 5 

5 4 

16 3. 7 9< 5 9 

3 44. .72986 

198.13622 

163.1^674 

126.37257 

4 r 

56.^9995 

59. < T 5 -6 

5 2 . ?7 1 

29 .3^' 241 

53.32962 



TABLE 6-V. CONTINUED 


n ta 


SE 

FXPER 1 E M T A L 

57 

36. • > ' • 

5 P 

17. t 9599 

5 5 

34 . 2* : r ■■ 


35.55559 

61 

53, 29559 

f. 2 

55. « 

6 3 

71 ,35559 

64 

71.59999 

6 5 

71 .35599 

66 

358.*' : ; 

67 

7V . 7-- •• ' 

6 f 

71. 25959 

6 5 

1^4. 35599 

7 

37.75559 


EFFECTIVE THERMAL 
RUSSELL 

14, 3 232 
12. 2579? 

3 3. 4 ;> ?4P 
33.4' 24? 

59. 2661° 
55.2661 9 
7 .26677 
73. 818^8 
73. 8184 8 
274.26123 

67, 91606 

68, ■■'■■552 5 
146* 12' cl 

14.15291 


CONDUCTIVITY ( K CAL/ M-HR-K ) X !’• 


berkstei N 

475.92822 
13.5 '7 " 6 
32,76291 
32. 76" 91 
52.73-62 
52.73262 
66.3-217 
7 .82*22 
7- .32!: 2 2 
564,41'' 16 
176,279 32 
178. 12549 
2:7.27832 
642 • 9957 6 


WOODS IDE 

279 .977" 5 
15.17392 
22 * 1 3 f >75 
22.13^75 
29 ,3° 29 ft 
29.3*298 
34.26784 
3 6. U 42 48 
36.* 4248 
449 .33362 

133 .13518 

138.13518 
163 • 1**674 
354.25293 


Equation 5-2 

36.75958 
1* *99409 
31.61661 
31.61661 

57.66516 

53.66516 
67.97533 
71.43893 
71 .43803 

265.78369 
7 r .36467 
70.55255 
127.853C1 
41 . 219*19 


167 



TABLE6-V. CONTINUED 


r i r /■ 


rFFPCTIVc THF'VAAL 

CONDUCT I VI ty 

{ KCAL/ M-hP-K 1 X ] 

r r 


CAS? 

c ^P r :i" I : ' E r 4 T \ L 

RUSS'? LL 

PERivSTP I N 

W CODS ICE 


Equation 5-2 

7; 


14*97 444 

493.833U 

231.79614 


3^,37573 

72 

2^.7 • 

13, 47485 

162.4Q513 

1 " 3.21956 


?.?. P 739 

7? 

36,59999 

14. 1 7487 

499,49372 

27 Q .077* 5 


36.77461 

7 a 

17, 

12 , • " 73 c 

1 9 , 8 9 2 4 5 

15.1 771 


V, 8 49 , ‘ 7 

7 5 

23 .79999 

23 8 . 5249*' 

252,97986 

186.38631 


195. 39224 


39, 

14,31813 

673.76245 

354.25293 


41 .81 262 

77 

> ,7- ■ ' 

8 6. ; ' - 9 V 

3' 3.12254 

2 *'9. 54 2 84 


95.44* 77 

7P 

2 2.390 99 

12. 7736 

782.4‘ 649 

156.78442 


26,78773 

7 S 

17*79999 

7. 76587 

281 . ' 647-'* 

147.3376'' 


?"* ."*1439 

,7 

2 .7- 

If., 94651 

28,36093 

27.514' 8 


1 5.91591 

w 1 

164.83999 

148. 95731 

221.95 -5 '■• 

16 3*1 * 67 4 


! ?* -.7fi07i 

S 2 

73 , cc .93 

76. 113,24 

73 . 69721 

36.06530 


74.'- 1640 


2 4 , 5 c c 9 9 

14. 15 834 

182,95347 

1 '6.31741 


?4.' 4616 

£ 

Cl "7 

V i * 1 

1 4, 6 ? 4 95 

727,59741 

354.25703 


42. 39624 



TABLE 6-V. CONTINUED 


r a r a 


EFFECT! V9 THERMAL 

CONDUCTIVITY 

(KC&L/M-HR-K ) X 

l',r 

C *sh 

EX PER I MENTAL 

RUSSELL 

BERNSTFI N 

WOODS IDE 

Equation 5-2 

6 ? 

3 2 • 2 9 9 9 9 

13.35525 

567.47256 

28*. .8 6582 

36. 518 ) 6 

£ c 

7c. 5 99 99 

15. 63976 

63 96.29297 

2443.18774 

145.43269 

t? 

36*79999 

14. 78839 

758. 36s' 11 

354.25293 

43.53212 

? 

47,9 *' ' 

U, 83294 

766. f, 5"29 

354.25293 

43. 68395 

99 

? 2 • 5’ 1 

13.55441 

597. 42969 

28' .06582 

37.1890 3 

C; 

37* ••'* 

14.29' 47 

6” 9. 5966 3 

2 8 4 . 3 9 1 6 f ' 

38. 5 C 1 94 

c i 

I?/ .59989 

1 1 • 81-12 

632.41 5'“ 4 

374.1 248- 

132. *'•7474 


"9«. • - - -■: 

3"'6. 62 933 

691.65918 

458.48316 

293.43774 

9? 

176.; 

146.91357 

644. 728' 3 

397*89697 

17". 7796 9 

94 

39.49899 

4 ' . 9- UP 

36.46587 

22.46328 

33.77589 

c 5 

15. 5 •"■ ""• 

13. 2! 395 

22.56546 

15.26178 

1 1.770-22 

9 6 

5 3.2' :■ r 

18. 495 7-' 

974.65259 

416.99789 

53.03323 

97 

55.39 c ?9 

1 8.49570 

9 ■'4. 6525 9 

416.99789 

53.^3323 

C k 

5 8 . 5 

18.4957" 

9 *'•4. 6525 9 

416.99789 

53. "3323 



TABLE 6-V. CONTINUED 


P i\ T * 


7 F C 5CT I Vr THE kM\L 

CONDUCT I VI TY 

( KCAl/ M-HG-5 ) X l r * 


L * S ! 

~'A^ L ft !'iL M TU 

RUSSc LL 

fJfc*NSTE!N 

WOODS I OF 

Equation 5-2 

c c 

5 9 » 5 

1 9 , - 0 ^, 7 . 

9 '4. 6525 9 

416. Q 978* 

53. ''3323 

* 

4 

fth' = co ? 

1 3. 495 1‘ 

9-4.65259 

416 .99780 

53 •*'33?3 

1 1 

2 3 * 3 CC 9 G 

1.2. 552 59 

22. -51 12 

14.8? : 95 

11.2 534" 

i 2 

i-'.; ' * •' 

X':.3''e\9 

1' .81 4. 6 

7.2”' 8*" 8 

9.38487 

1 ’ V 

U6.‘ ' 

97. 3 57? 

642.fi-*' 176 

367. 7 ‘-7*’ 3 

1? 7. 00695 

1 ^ 

“3.5 *• 

15.14726 

31 Q « 855 ’ 1 

354.75293 

44. 9463"' 


■‘4,7 

15.1 4726 

8 3 9.3351 

354.25253 

44.3463^ 


327. c 9 985 

19*. 41 • 9 7 

72. 9.1 ”933 

3185,23442 

478.98633 

1 ? 

a • ,2 c ? cG 

15. 28532 

S42 • °57?8 

354.25293 

45.35347 

1' 6 

227. 

295.49 97 

732.27954 

44? .*'2368 

286.15 ' 1 88 

^ S 

A A /jCCCC, 

15. 351 6- 

35 .64722 

354.25293 

45. 52478 

i • 

2 -A . ?999<> 

15. 7 92 3.6 

43.65143 

27.51' «6 

16.65929 

i : l 

A ' . ?SS«9 

1 5. 3 6 889 

212.72542 

1"' 4.5155 8 

25.72656 

n? 

r 1 « , 

19 3. 46 8 ; ‘2 

2622.12515 

127“ .93921 

32*. 175*5 



TABLE 6-V. CONTINUED 


AT A 
A$£ 

2XPL'C I MENTAL 

EFFECTIVE THERMAL 
RUSSELL 

3 12 

3 4 2 * • ■ 

193. 46 P" 2 

3 1‘. 

5 0- • ! . " 

2 81. 72 "'3 

I 15 

5 9 5.' • 

291. 728 '2 

114 

J a V' 

5 5 .. . 

3 3 " .22461 

117 

615.- • -V ' 

33". 22461 

116 

6 3' 1 . 

33'. 22461 

115 

628. «89c ' 

3 5 7.4 8779 

1 2 

587.' 5985 

357. 48779 

l? 1 

3 23. ' *585 

194.11241 

12? 

6 7.59985 

3 1 . 5. 4 4- 5 

122 

548.5 ' O 

?.*■ '6. 33 74' 

124 

634.3 C 5 C - 

36". 76929 

12 6 

4 5. ' *'■ 

16. 29? 5? 

126 

5 5 • 75 c 99 

2‘J. 22* 5 5 


CONDUCT! VITY ( KCA L/ M-HR-K ) X 1** 


RERNSTFI N 

2622,3 2 C 1 5 
2646. 18384 
2 6 4 6 * 18384 

2653.72559 

2655.72559 

2655.72559 
7579.08594 
7579.' 8594 
76 6.42578 
7632.61719 
7693.75781 
7777.414' 6 

73 -.88989 
796.55566 


WOODS IDF 

1 ?V .93921 
135'- .79 1" 2 
135* .7910 2 

1376.92456 

1376.92456 

1376.92456 
3446 • 1 3” 1 3 
3446.133 13 
3188.54565 
3374.64258 
3374.64258 
3446. 13* 13 
287.87524 
318.19571 


Equation 5-2 

32* • 17505 
419.15674 
419.15674 
4 5 5 . 6 5 3*' 8 
455.653-8 
4 55. 653 r 8 
7^0.1^938 
7011 , 1*938 
489.92480 
637.7832'' 
64^ .*463 9 
7*0 7.435^6 
43.33^41 
5 n . 62471 



TABLE 6-V. CONTINUED 


^ T •< 


2-^"CTIvr THrKM.AL 

COPnijCTlVl TV 

(KCAL/M-HP-K 1 X l-' 


C A S r: 

!” Xr t_f [ ■; .7 T '\ L 

RUsSr LL 

rcrnstfin 

WOODS I OF. 

Equation 5 

127 

;c 
-• . • 

1- ,92 3 f . 

?oi,4?. r :.3 

295 .87476 

3 5. 9 2" 1.8 


2 2 • 2 2 *■.' ? 9 

o. J 3 52? 

79 A . 578 

2 89. 8 2 17' 4 

32.37917 

\ 2 S 

ft,’" 

V 7. 1 ' 87? 

ei6.fi '444 

4 • • 1 . 2 4 *T 9 

1*7. 295-”3 

i * 

-‘.7 • ’ 

15.7 >? 3 • " 

687. 55298 

271.42334 

41.29378 

i - *. 

} • 1. 

eg, A 99 86 

6 1.65918 

3'4. 82275 

123.51195 

13 2 

26.?9 C 89 

1 7. 82 76.° 

52.94521 

27.52713 

17. 66586 

1 : 2 

3 2 ^ 

li. 38 6*2 

61.’ .78 149 

2! G . 37628 

38.53224 

1 J* 

11 . • ' 

111.3 ft! 3 F 

c 3 1 . 55811 

291.23584 

132.75174 

m 

2i. 4 c 59 

A ? . A 9?. 3 

4 2 * 98 4 B 

22,13’ 75 

35.75244 

i?c 

13.6 ‘ 

12.27197 

9 ■« 9521 9 

14.79249 

1 2 • 1 1 6 " 6 

1 2 7 

12. f- 

1 1 • 9 c 1 A ? 

2' .65315 

! r .22398 

l*'. 221 76 

1 Jr 

-> / "* 
7 h> , 

1 6. 7876 9 

c 3 6 « 32373 

784.83989 

47.141 57 

11C 

cr^ -j c. c c c 

11 .33 95 

562.11 4 3 9 

2 ■'■9. 5 146 3 

122.22845 

1 A 

2 7 , 2 9 C 8 9 

1 6* 56e6 9 

535.47754 

156.73442 

36.2037^ 



TABLE 6-V. CONTINUED 


r ; A t * 


EFFECTIVE T4FRMAL 

CCkUUCTIVI TY 

( KCAL/M-H8-K ) X 17 


C a S r 

iX 3 =H I v P T A L 

9IJSSF LL 

B ERNST FI N 

WOCCS IDE 

Equation 5-? 

1 4 1. 

2 6 » 2 ' ' ’ ' ’ 

1 . 15738 

534.41724 

147.54761 

27.48*63 

I 1 ?. 

61.7 

111.41758 

561,22958 

2'?. 51463 

123. 41 4^ 5 

1 3 

21, r - • 

15.73 V 

544 . 7446 3 

156.7344? 

36.64189 

I** 

2 5.?'"* 

1 2 64 3 3 

543.69434 

147.54761 

27. 32973 

145 

45. - 

19, 57' 25 

363.98169 

1 4 * 5 1 5 5 8 

34.28934 

\ 4fc 

3 I- ,75499 

] i 7.53 5. 8 

6] 2.882 ’-8 

?r 9.51463 

1 ? r • 5 n 111 

147 

2 7.5-' . •' 

17. 77635 

597.25552 

156.7844? 

39.28493 

I h f: 

2 :•> . 2 c c ? 9 

1 ’*9 293 

556.26342 

147.54761 

?9.984’*'8 

1 i. c 

15.2 ‘ 

96. 54? 3* 

6 -’9.37 '*85 

27 ? , r - 7487 

113.45471 


*5 5^ ♦ 3 9 ^ 9 

19.2 '45 

1! 54. 1877 4 

284.3 9 16*' 

54.9526? 

; 

7 ■ . • ■■ - 

21.48741 

425. 8378? 

1 '‘3. 21956 

38*16228 


76,' > ' ■ ' ' 

24. 33144 

491.67353 

1“ 3 . 2 1.556 

44.83787 

i f - 

77?. 5 ■ 

722.47977 

1 ‘"5.6 869 3 

274.77612 

1 97.92*54 

1 1 ^ 

2-5.7- ... •' 

193*4 3 4 ^ . 

9.-. '‘967 3 

261.72681 

175.95125 



TABLE 6-V. CONTINUED 


* T \ 
-4 : - 


err LC T ! Vr. THF\ V H 

C-CMO'JCTI VI TY 

( KCAl/ M-HR-K ) X 196 


\ f . r 

.-.XR-s 1 ■•' 6 ' •! T A L 

RUSSELL 

p.SKNSTEI N 

WOnCS IDE 

Equation 5 

I ^ 

•72*7 

3 77. 735“;? 

57.3756? 

226.* -9 69 

126. 26'' 59 

- - '■ 

^ - 
J. -.■ 4 -> 

lo. 7536 

1 o 4 5*:5o3 

«. 49912 

16.65686 

1 5 7 

6. c ‘ 

6.- 4?? 

3.7421 

4.165C7 

4.99119 

a. £ 

' ■ 

65. I 677 

2c. 89368 

149.47769 

72.52258 

1 

, .16 1 

« 

}*. r * ■'» 

’ * 

- r\ r, i*< r\ 
, * ' * 

1. 17 8 54 

16. 

6! 63 

■ o' 1 

■ - i . > . > 

i\ *\ V. V r> 

■ • : 1 

'.',7389 

1 :: I 

■ . 5 59 9 

• 

' - * . ; • r 

■ • 

r .f* V‘;3 

■D. 9 5266 

■* ^ 
A C i 

" . 5 5 1 

* 


r ,a ^ 

• , * 

;%‘'441 1 

\ 

. . 4}. 4 ‘ 

* 

• 

‘■6- 

r * ; '*3523 

?* w 

, 1 4 4- 


5.442 . 

'■ v ’.'f>6 . 

'.17131 

1 c f 

15. 6" . 

7,5 566 

4. 7574 

51 • 48 2 :i 

19.1^526 

' fee 

: i. . ? 6 ■ 

5. r 7 7 

2.47266 

35.3 6 68 

1 4 • r 3 7 5 1 

* *7 

i 

3 C . J'-ccc 

9* S3.? 

4. 56765 

34.1132'. 

?9. 69441 

* 

it L 

3 3 . - ‘ i 

61.17 55 

28.32355 

2 1.18 1 : *0 

1 75. 598 r 1 



TABLE 6-V. CONTINUED 


L -i 


LXPc'S IM£NT/aL 


- FFbCT I V [- thcP.^4L CONDUCTIVITY { XCAL/ M-HR-K ) X !•: 
PUSSELL BERNSTEIN WOODSIDE 


US 

i? 

171 


61.5 ■ 

26. 766 5 3 




1 .* 24- v 


3 :. 9?9o4 

23 . 95757 
59. 32136 
. 57o36 


23.22266 

23.13667 

28.17171 

•,'.3136o 


16 ,487 A 1 
16.43518 
124.281 1‘ 
r .95478 


Equation 5-2 

81.95348 
25.34375 
73.52748 
0.9 of* 3 8 


17 2 



TABLE 6-VI COMPARISON OF SELECTED WEIGHTED OHM’S LAW MODELS 


DATA 


t-FFtCTIVE TI-cKMAL 

CCNCtCTI VI FY 

( KC AL/K-HR-K ) X ICO 


CASE 

EXPc.rU CENTAL 

EQUATION 6-16 

EGIaTICN 6-17 

EQUATION 6-18 

LICHTENKER 

1 

21.4C000 

18.26809 

17.83623 

2C.8Q347 

59.C073C 

2 

22.40903 

29.24886 

27. 50689 

3C. 67581 

206.36506 

3 

75.50000 

93.65003 

91.59059 

1C7. 58758 

314.2959C 

4 

246. OC-CCO 

232.27410 

241.86344 

252.C0923 

448.36002 

5 

272. CCCOO 

252.41523 

264.36643 

272.CC554 

464.56322 

6 

1.01500 

0.66111 

C. 67820 

0.77C75 

2.26094 

7 

63. 6C0C0 

67.37439 

75.03169 

72.35299 

107.45101 

8 

25.CCOOD 

20.38193 

21.50933 

23.97093 

69.58905 

9 

17. 5 COO 3 

18.96925 

20. 11296 

22.43993 

68.91376 

10 

63.30000 

60.78856 

79. 14794 

74.64435 

110.9C501 

11 

127.C r 003 

132.90186 

150.07349 

135.94636 

155. 1718C 

12 

1 9 . C C 0 0 0 

19. 1C030 

20.38 149 

22.64830 

69.81630 

13 

17.20000 

19.16223 

20.45052 

22.72C27 

69.85026 

14 

3 0. 4 COO 0 

39.26373 

40.27656 

33.26539 

408.71057 



TABLE 6-VI. CONTINUED 


CA f A 


EFFECTIVE ThtRNAL 

CONCOCT IV I TY 

( KCAL/N-HR-K 1 X ICC 


C AS c 

tXPER IJ^cN T AL 

ctlJATICN 6 - 16 

EQUATION 6-17 

eCGAHCN 6-18 

LICHTENKEfi 

15 

na.ccooo 

133.97484 

161. 11842 

137.83734 

157.1C994 

16 

36. 5C0C0 

3C. 15233 

32. 329C0 

35.23028 

181.32992 

17 

23.35000 

41.26558 

43.65939 

35.34461 

439.4141C 

16 

216. C GOOD 

235.94091 

279.92522 

258.C2148 

372.71004 

19 

26.60000 

29.16821 

31.40180 

33.97493 

180.36430 

20 

11.8C0G0 

9.33043 

11.14216 

1C. 1588 1 

14 . 2409 8 

21 

25.3COOO 

25.78623 

31.C8171 

25.81932 

26.3C08C 

2 2 

21 . ascoo 

30 . 104 3 0 

32.44405 

3 5 .05 504 

186.72458 

23 

34. 1 G 0 0 0 

45.50702 

48.14179 

31.81C32 

554.84475 

24 

144 . 70000 

165.32420 

192.19444 

186.09323 

326.60048 

25 

3 A . A C 0 0 0 

42.165C4 

45. 30C69 

36.36206 

456.69CC7 

26 

2 44 . 9 CO 00 

238.63294 

235.40920 

2 61.98245 

380.91525 

2 7 

35. 140 JO 

36.77445 

44.65680 

38.57387 

45.87782 

2 a 

81.50000 

152.07631 

166.76405 

181.94245 

589.76435 



TABLE o-VI. CONTINUED 


DATA 


CASE 

cXPER I KtN r AL 

29 

224.5000 0 

.30 

2 L 7. 40000 

31 

218. 9C 000 

3 2 

2 IS. 9 CO 00 

3 3 

91 . COOOO 

34 

20. COO 00 

35 

15.60000 

36 

94.40000 

37 

54.40000 

38 

73. 3C000 

39 

2C7.CCOOO 

*>0 

212. 5C 000 

4 1 

22. 30000 

4 2 

70. 5 C 000 


tEEECTIVt THLRFAL 
EQUATION 6-16 

2 4? . P4768 
243.84827 
246. 64020 
242.37366 
129.46313 
32.98888 
23.07759 
97.422C6 
97.42206 
69.66891 
257.25429 
257.25429 
3.3.17131 
103.75744 


CONDUCTIVITY ( KCAL/y-HR-K ) X ICC 


EQUATION 6-17 EQUATION 6-18 LICHTENKER 


261.59641 
280.6B852 
277.63526 
282.55591 
141.89911 
35.18421 
24.45273 
107.97547 
107.97547 
32.74599 
267.59600 
267.99600 
31.66C56 
1C2. 17270 


262.72258 
262.65725 
263.15639 
262.87220 
152.53862 
34 .8 1 148 
2C.C1663 
113.73614 
113.73614 
69.85542 
265.11636 
265.11626 
36.5C808 
114.86331 


381.94926 

381.54926 

361.54926 

381.54926 
414. 18045 
275.61703 
247.6355C 
2 76.64474 
276.64474 

70.84715 
366. io3ee 
366.10388 
198.35167 
278. e707C 


178 



TABLE 6-VI. CONTINUED 


CM A 


EFFECTIVE Ti-ER^AL 

CCaCUCT IV I TV 

( KCAL /N-t-R-K ) X ICC 


CAS E 

fcXFEHlNLNTAL 

EOUAT ICn 6-16 

ECLAT I CN6-17 

EQL AT I CN 6-18 

LICHTENKEP 

4 3 

18.50000 

15.25530 

15.40108 

16.37681 

30.95555 

44 

61. 5COOO 

114 .81826 

120.61396 

. 133.78539 

4C3. 13726 

45 

85. OGCOO 

135.23735 

137.66391 

154. 0296 8 

421.27522 

4 6 

22.6C0GQ 

35.39034 

33.52736 

35.34213 

282.25755 

4 7 

15. 70000 

24.76377 

23.33712 

20.18501 

254.04953 

48 

22.60130.0 

33.36160 

31.75435 

36.66610 

2CC. 56221 

4 9 

16. 30000 

19.03756 • 

18.10594 

20. 06048 

134. 882 9C 

50 

2 3 . 810 OCT " 

— - 31.17224 •• • ■• 

2 9.72937 

35.05696 

155.47725 

51 

23.4COOO . 

31 . 17224 ..... 

29. 72937 

35.05696 

155.47729 

52 

25.2C000 

3 1 . i 7 2 2 4 

29.72937 

35.05696 

155.47729 

5 3 

20 5.5-0000 

. ' 2 3 5.2522 8 . . 

242.43308 

243.88625 

373.68603 

54 

44. 60000 

. - 50. 1.4 001 

.-47.26900 

32.66857 _ 

6C1.C3425 

55 

163.80000 

179.51593 

182.11988 

190. 52539 

338.4C064 

5 6 

5 5.4'CCOO 

60.5C910 

64.1 1924 

58.35769 

60.6C93C 



TABLE 6-VI. CONTINUED 


DATA 


GASP 

f X P E 3 I < v 1 1 i T A L 

5 7 

36.CCOOO 

58 

17. 1C030 

59 

34.20000 

60 

35.60000 

6 1 

53. 3 C 0 0 0 

6 2 

5 5. C 0 0 0 0 

6 3 

7 1 . 4 C 0 0 0 

64 

71.6C000 

65 

71.40000 

66 

358. CCOOO 

67 

70. 70000 

6 3 

71. 3C000 

69 

144. 4 CO 00 

7 0 

37. 8 C COO 


tPPfCTlVc ^AL 

PC'jAT I C*\ 6-16 

46.42386 
15.68037 
38.77182 
38.77132 
60. 48740 

60.48748 
73.26926 
77.41596 
77.41596 
388.55095 
104. 2863b 
1C4. 28372 
179.31822 
50.29769 


CCXCliCTIvlTY ( KCAl/y-HH-K ) * ICC 


eolation 6-17 

44.45473 
15.89289 
41 . 2602C 
4 1.26020 
64.27804 
64.27804 
76.86735 
80.76813 
80.76813 
388.27393 
103.C6313 
1C3. 25560 
183.37059 
48.41836 


OJATICN 6-18 

37.65998 

16.80524 

38.53062 

38.53062 

58.47467 

58.47467 

70.64043 

74.73293 

74.73293 

425.23792 

115.53438 

115.60843 

190.95476 

33.46267 


L I CH T cNKt R 

496.56298 
31.74458 
46. 34372 
46.34372 
60.80183 
60.80163 
70.45702 
73.88966 
73.88966 
934.81427 
285.66888 
286.80489 
343.90477 
625. 19866 



TABLE -VI. CONTINUED 


DATA 
C AS c 

tX P t .< I V L ) T AL 

EcPtCTIVt THECAL 
tCuA T ICN 6-16 

CONCICT IVITY 
COOAT ICNi 6-17 

( KCAL/f-'-hP-K ) X ICO 
ECLAT I CN 6-18 

L ICHT EKKER 

71 

42.5C00Q 

48.44803 

46.68942 

40.97817 

512 . 1383C 

72 

29. 70000 

32.53211 

31.63679 

36.C6CCC 

203.35508 

7 3 

36.4CCCQ 

46.52268 

45. 14 170 

38. 15535 

509.27668 

7 4 

1 7. ICCCO 

15.29368 

15.61938 

16.46975 

32.23686 

75 

230.80000 

257.46974 

270.49073 

266.56968 

398.74598 

7 6 

35. ICOCO 

50.43168 

49.22279 

34.06481 

641.71144 

7 7 

100. 7C0C0 

138.76442 

138.65102 

156.33456 

448.62784 

7e 

22. ACC 00 

35.63231 

36.29717 

36.38CC1 

308.21786 

7 9 

1 7. 8C0C0 

24.972C0 

24.71508 

21. 1C048 

279.20431 

8 0 

20.7CC00 

22.67456 

22.93893 

25.06 121 

59.335CC 

8 1 

154. QCOOO 

179. 2 1C 11 

185.36218 

191.69065 

352.83431 

82 

73. ICOOO 

78.77325 

82.64781 

76.88236 

76.15786 

8 3 

24.6C000 

33. 570C4 

33.32753 

37.49713 

218.55021 

8 4 

51.70000 

50.72692 

50.70768 

35.26633 

671. 39497 



TABLE j-VI. CONTINUED 


C A T A 


LhrECTIVc THERMAL 

CGNClC T I VI rv 

{ UCAL/K-HR-K ) X ICO 


CASE 

EXPERIMENTAL 

cCUATICN 6-16 

ECLAT I CN 6-17 

trC<JA T I Cf\ 6-18 

LICHTEKKER 

8 b 

32. 3COOO 

44.22612 

44.29449 

34.69893 

539.9473C 

8 6 

7 8 . 6 C 00 0 

1 0 1.09844 

1C7. 61176 

25.89379 

3839.377C6 

8 7 

36. 8CCC0 

49.60256 

53. 10404 

36.21983 

686.81107 

88 

47.5COOQ 

b 1 . 6 7 6 1 7 

51.35218 

36.27270 

693.21712 

89 

32. 5C000 

47.59164 

42.17589 

35.85984 

557.12542 

90 

37. CCOOO 

36.05673 

39.32221 

39.14365 

570.58757 

91 

120.6CCGO 

227.28975 

157.62872 

228. 19567 

825.91706 

92 

298. CCOOO 

453.66227 

349.73652 

471.72746 

1026.5C052 

93 

176. CCCCO 

294 .26019 

204.87509 

292. 15431 

885.54253 

99 

39.60000 

47. 86838 

35.61040 

41.92740 

48.82971 

8b 

15.5CCC0 

19.33748 

13.85331 

18.10140 

34.11394 

9 6 

53.2C000 

75.55/05 

52.95738 

47.29458 

825.22139 

87 

53.40000 

75.557C5 

52.95738 

47.29458 

825.22139 

88 

58.5C009 

75.55705 

52.95733 

47.29458 

825.22139 



TABLE 6-VI. CONTINUED 


data 


effective thermal 

CONCOCT I VI TY 

( KCAL/V-Hrl-K ) X ICO 


CAS E 

L : X P t IN E'i T AL 

ecua r ION 6-16 

ECLAT I CN 6-17 

ECLAT I CN 6-18 

LIGHT 8NKE8 

99 

5 9 . 5 C 0 C 0 

75.55705 

52.95738 

47.29458 

825.22135 

ICO 

61. ICO 00 

75.55705 

52.55738 

47.29453 

825.22135 

1C L 

23. AC 000 

ia .55058 

13.27307 

17.40321 

33.2946C 

102 

10. 2 CO 00 

12.71516 

9 . 34598 

11.38854 

15.5C99 1 

1C3 

126. CCOOO 

1 9 ^ .07769 

L72. 08793 

212.10419 

822.219C1 

104 

43.50000 

55.37533 

50.30533 

37.52590 

724.64665 

1 C 5 

51.70000 

55.37533 

50.30533 

37.52590 

724.64665 

1 C 6 

327.60000 

621.64459 

568. 03 096 

542.55222 

6773.54644 

107 

40. 3 C 000 

55.6L362 

51.CC951 

38.71766 

738.43325 

1C 6 

327. CCOOO 

420 . 38SC0 

332.06988 

44C .48C26 

1C38. 46366 

1C9 

44.60000 

55.69790 

51.24874 

38 .55CCC 

743.C7128 

1 10 

26.30000 

24 . 545 5 4 

22.27846 

25.864C2 

63.9C142 

1 L 1 

4 1 . 8 CO 00 

37.21554 

33.64014 

4C. 32416 

236.51583 

112 

3 1 S. CQCOO 

462.40538 

419.43245 

502.85521 

29C9.23C04 



TABLE 6-VI. CONTINUED 


da r a 


EFFECTIVE THE 1 ! < v A L 

COKCtCTIVI TV 

( KCAL/N-FR-K) X 

ICO 

CA Sc 

eXHcRlJMfMTAL 

lCuATIC.M 6-16 

LEGATION 6-17 

EQUATION 6-18 

LICHTENKER 

113 

342. CC 000 

4 6?. *0538 

4 19.46245 

5C2. 89521 

29C9.230C4 

1 LA 

560.00000 

619.09245 

558.39753 

660.84295 

3128.44173 

115 

595.CC0C0 

6 19. 0924 5 

558.39753 

680.84295 

3128.44173 

1 16 

55C.CC000 

675.81450 

608.94645 

743.C7338 

3197.92937 

117 

615. CC000 

675.81458 

608.94645 

743.07338 

3197.52937 

US 

630.CC000 

675.81450 

608.946^5 

743.C7330 

3197.52937 

119 

629. 9C000 

969.77173 

889.60602 

1C11 .09310 

7789.59876 

i 2 0 

597. LC000 

969.77173 

889.6C602 

1011.C9310 

7789.59876 

12 1 

323. 1C000 

627.66939 

583.42334 

558.45987 

7C2C. 76531 

122 

607. 6C0C0 

866. ICC 24 

799.C5327 

68C.C3270 

7612.86972 

123 

549.5C000 

867.41892 

8C2. 21736 

882.93277 

7655. 19CC8 

124 

6 3 4 . 4 C 9 0 0 

974.09676 

899.76815 

1020.03510 

7917.56551 

125 

45.C0C00 

54. 11C49 

51.2CC05 

47.10582 

653.27948 

126 

55.8C0C0 

64. 34CC5 

60.76285 

58.97540 

727.19873 



TABLE 6 -VI. CONTINUED 


DMA 
C AS £ 


fcX p c;P. I P t'.'-i T AL 


thPECTlVc ThcRKAL 
dCUATir.N 6-16 


CCNCtCT IV IT Y l KCAL /Jv-J-H-K ) X ICC 
LOCATION 6-17 ECUAT1CN 6-18 


LICHTENKEP 


127 

35.CC000 

A 1 . 54685 

L23 

32.40000 

it .96911 

129 

188. CCOOO 

210.03414 

1 30 

A 5 . 7 C 0 0 0 

51.73979 

131 

101 . ccoco 

181.62449 

132 

26.4C000 

25.17274 

133 

35. 6CO00 

48.45411 

134 

1 10. CCOOO 

191 .22090 

135 

31.05000 

43.00424 

136 

13.RC000 

16.63020 

137 

13.8C000 

13.68439 

138 

34. 2C000 

55 . 9C693 

139 

S5.4CCC0 

173.82 155 

140 

27.3C0C0 

46.56551 


3 9 . 4 4 1 6 3 
35.C8C21 
191.43568 
A £ . 84 C 8 1 
165. 29 A 76 
2 3. 15149 
47.33C02 
I76.2IA98 
39.24361 
15.22356 
12. A7190 
57.34914 
156.94868 
A 7 . OS 64 0 


24.98846 
17.48121 
231 .28889 
45.52054 
198.75663 
26.44550 
47 .83672 
207.79861 
4C. 23275 
16.81157 
13.43961 
54.08713 
178.85411 
51.44201 


651.05339 
631.57696 
968.3184C 
616.89663 
737. C9 537 
68.7468? 
548.9576C 
749.89525 
52.9514C 
39.C1617 
26.49543 
784.56546 
618.86684 
480.59426 



TABLE 6VI. CONTINUED 


DATA 


EFFECTIVE THERMAL 

CO.NCLCTI VITY 

< KCAl/M-HR-K) X ICO 


CASE 

EXPERIMENTAL 

ECUATICN 6-16 

EOLATICK’ 6-17 

ECUATICN 6-18 

lichtenker 

1 A 1 

26. 2CC00 

33 . 16844 

34.68392 

35.04215 

449.82873 

142 

61. 7 COCO 

175.604C8 

158.08702 

179.92768 

625.75569 

143 

27.CCC00 

47.21751 

47.79587 

52.29997 

487.91652 

144 

26. 2CCC0 

23.64918 

35.27914 

35.85971 

457.15207 

14 5 

49.CCC00 

47.89173 

45.75364 

52.19368 

347.16633 

14 6 

1 1 0 . 8 C 0 C 0 

190.25043 

164.78573 

186 .60326 

665.64385 

147 

27.5CCC0 

51.677CS 

52.16730 

57.69110 

53C. 74884 

148 

26.40CC0 

36.53366 

38.97973 

4 1 .C0819 

5C0.1159C 

149 

65.2CCQ9 

165.94260 

145.43751 

165.60185 

649.41845 

150 

58.4CC00 

66.74942 

7 1.02539 

73.34132 

556.51045 

151 

70.00000 

58.07241 

51.68107 

55.01CC5 

398.32455 

152 

76.CC0C0 

61.74598 

6 1.62668 

70.87885 

459.77048 

153 

272.50000 

262.01689 

267. 1C996 

28C.C1328 

480.93223 

154 

248. 70CCC 

234.70536 

237.01759 

252.82CC6 

457.18135 



TABLE 6-VI. CONTINUED 


CA TA 


effective tfermal 

CONCLCTIV I TY 

( KC A L /N-HR-K ) X ICC 


CASE 

experimental 

ECUA Tiers 6-16 

ECLATICN 6-17 

ECLATICN 6-18 

LICHT ENKER 

155 

172. 7COOO 

171.02733 

166.C8607 

188. 14054 

396.68016 

156 

16. SCO CO 

18.08448 

17 .80534 

16.71334 

16.74108 

157 

6. 5 CO QO 

6.07512 

6.30359 

6.CCC97 

7.36559 

158 

46. CCCCC 

97.87946 

91.63376 

109 .30790 

2 77.44236 

159 

0. 10610 

0.C81C1 

0.08228 

C. 03170 

0.03203 

160 

0.C8183 

0.C6274 

C. 04555 

C.042C3 

0.CO773 

161 

0.05698 

C . C 6 0 5 1 

0. C3174 

C .082 34 

C.CC207 

162 

0. 05110 

0 .02694 

0.C5470 

C. 04489 

0.CC1C5 

163 

0.04140 

0.C3160 

C. 02755 

C.C222G 

O.CC046 

166 

0.14040 

0.10830 

0.13498 

0.17819 

0. 1530C 

165 

15.60000 

23.C9515 

20. 32662 

23.63961 

156.3C005 

166 

1 1 . 85000 

15 .94027 

13.75262 

13.68524 

134.58651 

167 

39. 9C000 

29.98027 

22.82285 

16.35257 

253.52111 

168 

130.CC000 

161 .84 30 1 

137.55627 

11C. 98691 

1428.90519 



TABLE 6-VI. CONTINUED 


DATA 


tEEECTTVE THERMAL 

CONDUCTIVITY 

( KC AL/N-hR-K ) X ICC 


CASE 

EXPERIMENTAL 

ECU AT I GiN 6-16 

EOLATION 6-17 

' EQUATION 6_18 

LICHT6NKER 

169 

81. 5COOO 

1C3. 96177 

89.07619 

116.G2943 

349.59322 

17 C 

29. 8C000 

29 .5464 6 

25.51770 

28.C3818 

« 

29.64116 

17 1 

60 . econo 

94. SI 77 9 

78. 11311 

104.96805 

275.C8724 

172 

1.02400 

1 .08128 

C. 97622 

C. 97847 

2.61458 



TABLE 6- VI I. DIMENSIONLESS VARIANCE OF CALCULATED 
THERMAL CONDUCTIVITY BASED ON SELECTED 
MODELS 


A. Flux Law Models 


1 . 

Maxwell 

42.9 

2. 

Lord Rayleigh 

32.1 

3. 

Meredith and Tobias 

29.8 

4. 

Bruggemen 

17.8 

Uniform Heat Flux Models 


1 . 

son Frey 

50.2 

2. 

Woodside and Messmer 

19.2 

3. 

Kanager 

13.1 

4. 

Gorring and Churchill 

14.8 

5. 

Will hi te , Kunii and Smith 

13.3 

6. 

Schumann and Voss 

20.1 

7. 

Preston 

16.4 

8. 

Wilhelm et al 

13.8 

9. 

Krupiczka 

13.1 

Parallel Isotherm Models 


1 . 

Russell 

35.2 

2. 

Bernstein 

87.4 

3. 

Woodside 

70.7 

4. 

Equation 5-2 

7.0 

Weighted Ohm's Law Models 


1 . 

Equation 6-16 

10.6 

2. 

Equation 6-17 

9.7 

3. 

Equation 6-18 

13.0 

4. 

Lichtenecker 3-D 

98.4 

5. 

Lichtenecker 2-D 

56.8 
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CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 6-7. COMPARISON OF EXPER I MENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR EQUATION 5-2. 
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EXPERIMENTAL EFFECTIVE CONDUCTIVITY 
CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 6-8. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR EQUATION 6-16. 
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EXPERIMENTAL EFFECTIVE CONDUCTIVITY 
CONTINUOUS PHASE CONDUCTIVITY 


FIGURE6-9. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR EQUATION 6-17. 
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EXPERIMENTAL EFFECTIVE CONDUCTIVITY 
CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 6-10. COMPARISON OF EXPERIMENTAL RESULTS WITH 
CALCULATED CONDUCTIVITY FOR EQUATION 6-18. 



VII. MODEL BASED ON NON-LINEAR HEAT FLOW 


Consider a representati ve unit cube of the granular material, 

3 

subdivided by a three-dimensional grid into N cubicles, as indicated 
in Figure (7-la). Assume that the two faces normal to the z-direction 
are isothermal, and the other four faces are insulated, so that 
application of a constant temperature potential gives rise to a net 
conduction heat transfer in the z-direction. In order to determine 
the effective thermal conductivity of such a system, without any 
additional simplifying assumptions regarding the flow of heat, it 
is first necessary to find the temperature distribution in the unit 
cube. Once this has been accomplished, the heat flow rate in the 
z-direction can be determined, and an effective thermal conductivity 
can be assigned to the material by the Fourier-Biot law. 

The solution proposed in this study consists of the following 
steps : 

1 . System synthesis ; 

2. Determination of the average working thermal conductivities; 

3. Computation of the actual temperature distribution; 

4. Determination of the heat flows and the effective thermal 
conductivity. 

The above four steps will now be discussed in detail. 
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System Synthesis 

A representative unit cube of a granular material is shown in Figure 
(7-la) and in Figure (7-lb). The distribution of the continuous and 
discontinuous phases is modified is such a manner that each cubicle 
is occupied either by the continuous or the discontinuous phase. 
Effectively, any irregular shaped particle can be built to any degree 
of approximation by arranging a number of cubicles according to a 
predetermined format, as indicated in [20]. These particles can 
then be placed in the unit cube according to a specified statistical 
distribution. This way, the basic assumption of a regularly repeated 
elementary cell of spatial configuration, common to most previous 
models, is avoided. 

The method of placing continuous phase cubicles in the unit 
cube, is based on the assumption that the granular material can be 
considered as a random mixture of the two phases. Then, in order to 
place a continuous phase cubicle in the system, three random 
numbers are generated by the 0-1.0 constant density function random 
number generator, and these random numbers are associated with three 
coordinates, defining the position of a cubicle in the system. If 
the cubicle thus defined, is already occupied by the continuous 
phase, another triplet of random numbers is generated. This process 
continues until the total number of continuous phase cubicles is 
equal to the continuous phase solid fraction of the granular system 
times the total number of cubicles in the unit cube. The geometry 
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FIGURE 7-1. EQUVALENT GEOMETRIES FOR UNIT CUBE. 
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of the system thus defined, represents a random mixture of two phases, 
and, effectively, in this system the probability that a particular 
cubicle is occupied by the continuous phase is equal to the volume 
fraction of the continuous phase. 



As illustrated by Trezek and Witwer [72], there are a number of 


choices in selecting the average working conductivities between 


adjacent cubicles, but the series model yields the most accurate 
results on each side of the interface. According to [72] then. 


k ii - W (0 - 5 H * °- 5 k j> 


(7-1) 


where k.. is the average working thermal conductivity between the 

1 J 

adjacent cubicles i and j. k. and k. are the conductivities of the 

i J 

cubicles. A scanning process can now be defined such that looking at 
a particular cubicle the composition of its neighbors can be deter- 
mined, and consequently it is possible to assign an average working 
thermal conductivity between any two adjacent cubicles. 

At this point, it should be noted that the working thermal 
conductivities thus defined, require that the adjacent cubicles are 
in perfect contact with each other. However, physical granular systems 
contain randomly distributed and oriented contact areas between 
neighboring particles that provide additional resistance to the heat 
flow from one particle to the other. Further, when the voids between 
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of heat transfer, other than radiation heat transfer, from one parti- 
cle to the other. Consequently, as indicated in [34], failure to 
account for these contact areas induces large errors in the calcu- 
lation of the effective thermal conductivity of granular materials, 
especially when the ratio of the constituent conductivities is high. 

In order to incorporate the effect that these contact areas have 
on the flow of heat in the physical model presented, it is necessary 
to associate a contact conductivity with each contact area, and to know 
the number of contact points in the unit cube. As indicated in the 
Literature Review, a number of expressions have been developed 
relating the contact resistance to the contact area between two 
particles. In the calculations, the expressions given in reference 
[34] have been used because they are in good agreement with Kanager's 
[73] analytical development. The number of contact points in the 
cube, N c ,can be determined, as indicated in the Ohm's Law Models 
section, as a function of the unit cube size, a characteristic par- 
ticle size obtained from sieve analysis of the granular material, 
and the coordination number. 

To complete the determination of the working thermal conducti- 
vities, it is necessary to randomly distribute N c contact conductivities 
between adjacent cubicles occupied by the discontinuous phase. 

Again a triplet of random numbers is generated, and is associated 
with three coordinates, defining the position of a cubicle in the 
system. If the cubicle is occupied by the discontinuous phase, the 
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composition of its neighbors is determined, and the working con- 
ductivity between the first pair of solid cubicles is replaced by 
k cr - The process is repeated until N c such replacements have been 
executed. A point of importance is that since contact points at the 
boundaries of the unit cube should also be included, it is necessary 
to determine the composition of the cubicles surrounding the six 
faces of the unit cube. 


Determination of the Actual Temperature Distribution 

When a steady-state temperature field is desired for a region 
in which the thermal conductivity is dependent upon the spatial loca- 
tion, a solution must be obtained for the following equation 

v(kvT) = 0 ( 7 - 2 ) 

When each cubicle is considered separately, the condition which must 
be met is the Laplace equation 
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Also, each temperature in the unit cube must be bounded by the 
temperatures applied at the two opposite faces of the unit cube. 
Laplace's equation requires that the temperature at every cubicle 
remain constant. That is the net heat accumulation in each cubicle 
should be equal to zero. In order to write a conduction heat 
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isothermal and is lumped into a single node, and all the nodes are 
connected by the average working thermal conductivities described in 
the previous paragraph. The basic system unit around which each 
heat balance is written is shown in Figure (7-2). Under the assumption 
that heat flow to the center cube is positive, the resulting heat 
balance is 

6 

£ (T, - T ? ) A/l = R 7 (7-4) 

i-1 

3 

Application of Equation (7-4) to all cubicles results in N - m 
simultaneous, linear equations. The coefficients of this system of 
linear equations are functions of the average working conductivities, 
and the unknowns are the node temperatures. As indicated in [74] 
one of the most efficient methods of solving such a system of equations 
is a successive overrelaxation technique in conjunction with an 
iterative scheme. The steps involved in this method are the 
following. 

Consider the system of linear equations 


11 

X 1 + b 12 X 2 + * * ' ' 

• • • • + fa lm x m 

21 

X 1 + b 22 x 2 + * * ’ * 

• ‘ * * + b 2m x m 


(7-5) 


b ml *1 * b m2 x 2 + 


+ b x = u 
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[B] x = u 


(7-6) 


First define the ith component of an auxiliary vector iterate 


x' n by 


b ii * 1 


E b.. x. n+1 - T b. . x . n + u. 7-7 

U J U J 1 

j=l j=i+l 


Then, the (n+1) approximation of the ith component of the solution 
vector for the successive overrelaxation method is defined from 

Xi n+1 = Xj " ♦ w [x‘ f n+1 - x ( n ] = (1-w) Xi n ♦ wx',"* 1 (7-8) 

The quantity w is called the overrelaxation factor, and 1 < w < 2. 

It is seen from Equation (7-8) that x- n+ ^ is a weighted mean of x^ n 
n 4*1 

and x'^ , the weights depending only on w. Combination of 

Equations (7-7) and (7-8) into a single equation yields 


b ii x , ntl = b ii x i n + w 


- Z ■>« x / +1 - E ■>„ x o" 

, j=i j+i 


t u. - b i5 X, 


(7-9) 


Then, from Equation (7-9) the (n+1) approximation of the ith component 
of the solution vector is 


x . n+1 = x n + JL- 
Xl 1 b ii 


+ U . - b. . x . 
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It Is seen that in the iterations, the newly-computed components of 
the x vector are always used in the righthand sides as soon as they 
are obtained. 

Comparison of Equation (7-10) with the heat balance equation for 
each cubicle indicates that the term in brackets is equal to the 
negative of the thermal residue. Also, is the negative of the 

sum of the average working conductivities between the node at which 
heat balance is executed and the surrounding nodes. As a result, for 
the particular problem in question, Equation (7-10) takes the form 


■j.n+1 


= T n + 


w 


1=6 



i-o 

L 

- 1=1 


k,? (T, - T 7 ) 


( 7 - 11 ) 


Equation (7-11) gives a better estimate of the temperature at each 
node in terms of previous estimates. It can be seen that a positive 
thermal residue, resulting from T 7 being too low, will increase the 
new value of T^. 

Exactly the same iterative scheme can be obtained by writing the 
finite-difference representation of Equation (7-2), and treating the 
conductivity variation according to Equation (7-1). 

The steady-state temperature field in the unit cube can now be 
obtained, provided that an initial temperature field is defined. A 
reasonable selection for the initial temperature field is to assume 
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that planes of nodes normal to the direction of the heat flow are 
isothermal, and the temperature of each plane is proportional to its 
distance from the surface of the cube. Also, the imposed boundary 
conditions dictate that the temperatures of the nodes on the front 
and back faces, which are normal to the direction of the heat flow, 
remain constant, and the heat flow away from nodes associated with 
the other four faces is zero. Application of Equation (7-11) coupled 
with the assumed initial temperature distribution and the boundary 
conditions, gives the actual temperature distribution in the unit 
cube. In the calculations, the iteration process cut-off point is 
when the sum of the absolute values of the thermal residues becomes 
less than or equal to 1.0. 

uetemi nation of the Heat Flows and the Effective Thermal 
Conducti vi ty 

After the steady-state temperature field has been determined, 
three orthogonal heat flux vectors can be defined at each node. 
However, since the net heat flow is in the z-direction only, this 
is the rate of heat flow on which the effective thermal conductivity 
should be based. To find the rate of heat flow Q in the z- 
direction, the heat flows in the z-direction between all nodes in 
any two successive planes are summed. This process is repeated 
for all successive planes, and Q is the average value of these 
sums. The effective thermal conductivity of the granular material, 
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as defined by the Fourier-Biot law, is given by: 



where aT is the difference between the temperatures of the back and 
front faces of the unit cube that are normal to the net heat flow 
direction. 


The method of solution described in the preceding paragraphs can 
be applied to any granular system for which the fluid in the voids is 
at atmospheric pressure. In this case, the solid particles and the 
voids are approximated by the arrangement of a number of cubicles 
according to the statistical distribution chosen; heat balances 
at each node should give the temperature distribution since both 
phases are in the domain of a continuum. However, when the medium 
in the voids is a rarefied gas, which is the case for both lunar and 
martian environments, a dominant mode of heat transfer in the voids 
may be radiation between particle surfaces [1], as shown in Fig. (7-3). 
Also, when the molecular mean free path is greater than the void 
diameter, conduction in the voids takes place by direct exchange of 
energy between particle surfaces. Consequently, for extremely rarefied 
gases it is not possible to determine a working effective conductivity 
between nodes that belong to gaseous cubicles located in the same void. 
However, if the chosen grid size is coarse enough so that the volume 
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FIGURE 7-3. HEAT CONDUCTED THROUGH GRAINS AND TRANSFERRED 
BY CONDUCTION AND RADIATION AT BOUNDRIES, 
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ductivity of each cubicle occupied by the continuous phase can be ap- 
proximated by the effective radiative and gaseous conductivities dis- 
cussed in the literature survey. 

Comparison of Calculated Effective Conductivity to Experimental Data. 

The effective thermal conductivity has been calculated and com- 
pared to experimentally determined values for a number of granular 
materials at atmospheric pressures, as indicated on Table 7-1. The 
range of porosities and constituent conductivities is 0.31 - 0.59 
and 1.67 - 2444.4 respectively. For all these cases the conductivi- 
ties of the constituents were assumed to be constant, independent of 
temperature distribution in the unit cube. The mechanical properties 
of the solid phase, required for the calculation of the contact re- 
sistance, are shown on Table 7-IX. 

In addition to the model presented in this study, the effective 
conductivity predicted by a number of selected models was also deter- 
mined, and the calculated values are presented in Tables 7-II and 7-1 I I 
The column "Case" in these Tables refers to the granular system de- 
scribed in Table 7-1. It should be noted that a number of these models 
such as the Maxwell, Rayleigh and Jefferson models, have been ex- 
tended to porosities beyond the range for which they are theoreti- 
cally applicable. 

The percentage error between experimental thermal conductivi- 
ties and those predicted by all selected models is shown on Tables 
7- IV and 7-V. Table 7- VI summarizes the mean error, mean bias and the 
variance of percentage error between the experimental and model 
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predicted thermal conductivities. From this Table it is seen that the 
model of this study predicts the experimental thermal conductivities 
with a mean of 15.8%, an error variance of 1.63, and is biased below 
the experimental values by 5.8%. This is slightly better than the 
Krupiczka model, for which a mean error of 17.5% has been calculated. 

The mean error of all other models is in the range of 30.1% - 42.2%. 

A graphical representation of the effective thermal conductivity pre- 
dicted by the model described in this study is shown in Figure (7-4). 

It is interesting to observe the performance of some of the 
models as compared to the assumptions introduced in their develop- 
ments. It would be expected that models utilizing the parallel iso- 
therm assumDtion would overpredict the effective thermal conductiv- 
ity. Jefferson's model (6 in Table 7-VI) generally conforms to this 
expectation. However Russel's model (5 in Table 7-VI) predicts lower con- 
ductivities than the experimental ones, and the discrepancy increases 
with the ratio of constituent conductivities. The most probably ex- 
planation for this behavior is that the effects of the assumed simplified 
geometry, and the absence of contact areas between particles, domi- 
nate over the assumption of infinite conductivity in the lateral -to- 
the-heat-flow direction, thus rendering the calculated conductivities 
low. 

On the other hand, it would be expected that models utilizing 
the uniform heat flux assumption would predict low values for the 
effective thermal conductivity. This is the case for Lichtenecker’s 
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model (8 in Table 7- VI) which, as expected, predicts lower values than 
Russell's model. However, the Krupiczka and Woodside and Messmer mod- 
els (7 and 9 in Table 7-VI) are generally biased above the experimental 
effective thermal conductivity, thus strengthening the indication that 
the effects of particle shape and spatial distribution, and the bend- 
ing of the heat flow lines in granular materials are too complex to 
be analyzed separately, and should be incorporated in a single unified 
model. Therefore, an analysis of a simplified geometrical configura- 
tion or an unrealistic heat flow assumption do not provide sufficient 
information to deduce whether a particular model will predict high or 
low conductivities for real granular materials. 

Models based on non-linear heat flow are generally biased below 
the experimental thermal conductivity, as seen from Tables 7-IV, 7-V and 
7-VI. A surprising result is that the conductivities predicted by Max^ 
well's and Rayleigh's equations are very close for the total range of 
porosities and ratios of constituent conductivities. This is probably 
due to Rayleigh's failure to include a larger number of terms in his 
solution, and for this reason Meredith and Tobias' equation provides 
a marked improvement of the predicted values. 

For the model described in this study, the effective conductiv- 
ity in each case was determined by considering five or more random 
placements of the continuous phase in a unit cube, and finding the 
average of the calculated values. The variance of the calculated 
values was less than 0.1 for 78 cases and its highest value vas 0.587. 
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Whenever the variance was exceedingly high, more random placements 
were considered, so that a more representative average could be ob- 
tained for the effective thermal conductivity. 

In fig. (7-5) the calculated effective thermal conductivity shown 
in Table 7-VII, is compared to experimental data obtained by Fountain 
and West [3] for particulate basalt in a simulated lunar environment. 
The thermal conductivity of solid basalt was assumed to be a function 
of temperature given by: 

k{Basalt)=0, 01091+9. 09xlQ~ 6 T Watt/cm-K (7-13) 

where T is in °K. Equation (7-13) is a least squares fit of the data 
given in Reference [64]. The effective thermal conductivity of the 
gaseous phase was calculated according to Equation (A-l), and the ef- 
fective radiant conductivity for the transfer of heat between particle 
surfaces 'was calculated according to Equation (B-13). In both cases the 
effective pore size was assumed to be given by Equation (D-6). Then, 
the effective conductivity of the continuous phase is the sum of the 
gaseous conductivity and the radiant conductivity. 

As indicated in Fig. (7-5), the calculated conductivities are lower 
than the experimental. Probably the source of error is due to two 
factors. First, the semi-empirical equation for the contact resistance 
used in this study probably predicts low values for the contact conduc- 
tivity. Evidence to this effect is that calculated conductivities at 
low pressures, in which case heat transfer from particle to particle 
is a dominant mode, are generally low. A second source of error is 
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failure to include radiation heat transfer as a photon diffusion 
process. Evidence to this effect is that the discrepancy between 
calculated and experimental values generally increases with tempe- 
rature. Nevertheless, it is seen that the model predicts fairly well 
the increase in slope with decreasing porosity, and the increase in 
slope with temperature, due to the increase of the relative influence 
of radiant heat transfer with decreasing porosity and increasing tem- 
perature. The maximum error of the calculated thermal conductivities 

is 23.6% and the mean error is 15.9%. 

In Fig. (7-6) the calculated effective thermal conductivity is com- 
pared to experimental data obtained by Fountain and West [3] for par- 
ticulate basalt in a simulated martian environment. In this case the 
gaseous conductivity and the radiant conductivity are of the order of 
magnitude 3x10"^ and 10 - ^ Watt/cm°K respectively. Consequently, radi- 
ation can be neglected. Again the predicted values are lower than the 
experimental, and the maximum error and mean error are 25.2% and 20.8% 
respectively. The slight increase of the effective thermal conductiv- 
ity with temperature is due to the simultaneous increase of the con- 
ductivity of the solid and gaseous phases with temperature, and not 
to radiation heat transfer. 

A case in which the calculated values are not in good agreement 
with experimental values is shown in Fig. (7-7). The experimental data 
in this Figure were obtained from Reference [93]. Here, experimental 
and calculated thermal conductivities are compared for glass spheres 



in a simulated lunar environment, and the maximum and mean errors are 
48.3% and 39.4% respectively. The discrepancy increases with increasing 
temperature. The most probable explanation for the low predicted ther- 
mal conductivities is that this case does not satisfy the assumptions 
stated in the development of the model. Radiation heat transfer has 
been incorporated in the model through the effective radiant conductiv- 
ity of the voids, which accounts for the radiation heat transfer between 
particle surfaces. It has been necessary to make this assumption because 
of the lack of information about the extinction coefficient of granular 
materials and powders, which is required for the complete description 
of the radiation heat transfer process. Consequently, it has been ef- 
fectively assumed that the solid particles are opaque to thermal radia- 
tion, and that the pure radiation heat transfer process can be neglected. 
However, there exists evidence [2,85] that this is not always the case, 
and for very small particles the pure radiation process is generally 
more effective than the conduction-radiation process. It appears that 
failure to account for the pure radiation process has rendered the 
calculated values much lower than the experimental values is this case 
of glass spheres. 

The experimental and calculated thermal conductivities of partic- 
ulate basalt in air, lead shot in air, and glass beads in air are com- 
pared in Figures (7-8), (7-9) and (7-10) respectively, as a function of 
pressure. It is observed that the model nredicted values are generally in 
good agreement with the experimental values, although somewhat lower cm- 
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duct i vi t i es are predicted at low pressures. This relatively good agree- 
ment is attributed to the choice of Equation (D-6) for the effective 
pore size associated with the conduction heat transfer in the voids. 

The maximum and mean errors corresponding 'to Figures (7-8), (7-9) and (7-10) 
are 28.4 and 19.4, 37 and 18.5, 23 and 17.6 respectively. 

Table 7-VIII summarizes the mean error and the variance of per- 
centage error for all low pressure cases. 

Summarizing the comparisons between calculated and experimental 
thermal conductivities, it is seen that the performance of the model 
described in this study is sufficiently good for granular materials 
at atmospheric pressures. For granular materials at low pressures, 
the predicted thermal conductivities are generally low, but the change 
of the thermal conductivity with temperature and pressure is in good 
agreement with the changes observed in the experimental values. 

The major sources of error in the calculated effective thermal 
conductivity values are as follows: 

1. Low values for the contact conductivity predicted by Equation (C-7); 

2. Failure to account for the pure radiation process; 

3. Incomplete description of the particle and pore size and shape 
distribution by the random placement method. 

The first factor is of particular importance in cases where the 
ratio of the constituent conductivities is large, and could explain 
the low calculated values at low pressures. The third factor is a mani- 
festation of the lack of information associated with the generalized 
geometry of granular materials. 



TABLE 7-1 COMPARISON Or CALCULATED CONDUCTIVITIES TO EXPERIMENTAL CONDUCTIVITIES 



Conductivity, (k ,/m-hr 

C ci 1 

- °k) x 100 





Case 

Fluid 

Phase 

Solid 

Phase 

Experimental 

Calculated 

V k c 

P 

Ref. 

0) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

1 

h-Heptane 

11 

Quartz 

720 

57.6 

61.6 

65.5 

0.590 

23 

2 

Hel i um 

Quartz 

63 

61 .7 

62.6 




11 .5 

720 

0.590 

23 

3 

Hydrogen 

14.7 

Quartz 

720 

74 

73.8 

49 

0.590 

23 

4 

Water 

Quartz 

180 

152.6 

13.3 




54 

720 

0.590 

23 

5 

EtOH 

S. Steel 

172.7 

181 .2 





29.3 

1793 

1 

61 .2 

0.505 

36 

6 

Air 

S. Steel 

22 

24.2 





2.3 

1793 

779.6 

0.502 

36 

7 

Glycerine 

S. Steel 

248.3 

211.9 

38.7 




46.3 

1793 

0.502 

36 

8 

Water 

S. Steel 

272 

228.3 

32.9 




54.5 

1793 

0.501 

36 

9 

Hel i um 

S. Steel 

117.4 

114.4 

114.5 




15.6 

1785 

0.500 

21 
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(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

10 

He! i um 
18.5 

S. Steel 
1670 

122 

133.5 

90.3 

0.500 

21 

11 

Argon 
1 .62 

S. Steel 
1883 

38.7 

30.6 

1162.3 

0.500 

21 

12 

Argon 

2.01 

S. Steel 
1720 

41.6 

48.7 

855.7 

0.500 

21 

13 

Iso-Octane 

12.3 

S. Steel 
1793 

80.5 

73.3 

145.8 

0.476 

36 

14 

Air 

2.41 

Lead 

2950 

30.4 

27.0 

1224.1 

0.450 

6 

15 

Water 

54.5 

Si 1 ica 
973 

216 

191.9 

17.9 

0.439 

36 

16 

Air 

2.25 

Quartz 

947 

26.8 

34.5 

420.9 

0.438 

35 

17 

Air 

2.3 

Silica 

973 

21 .9 

16.9 

423.0 

0.437 

36 

18 

Air 

2.25 

Coal 

36 

11.8 

8.9 

16.0 

0.437 

35 

19 

Hydrogen 

16.6 

Coal 

36 

25.3 

22.1 

i 

2.17 

0.437 

35 

20 

EtOH 

29.3 

Silica 

973 

144.6 

122.3 

33.2 

0.434 

36 
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0) (2) _(3) (4) 


21 

EtOH 

Si 1 ica 

146.5 


29.3 

973 

22 

Air 

Silica 

23.8 


2.3 

973 

23 

Iso-Octane 

Glass 

35.1 


12.3 

93.9 

24 

Water 

Sil ica 

218.5 


54.5 

973 

25 

Glycerine 

Glass 

73.2 


46.3 

93.9 

26 

Iso-Octane 

Sil ica 

94.1 


12.3 

973 

27 

Iso-Octane 

Silica 

70.9 


12.3 

973 

l 

28 

Air 

Silica 

22.3 


2.3 

973 

29 

Water 

54.5 

Sil ica 
973 

210 

30 

Air 

Sil ica 

22.6 


2.3 

973 

31 

Glycerine 

46.3 

Silica 

973 

205.5 


.(5) (6)_ (7) (8) 


124.6 

33.2 

0.433 

36 

22.5 

423.0 

0.433 

36 

42.2 

7.63 

0.431 

36 

177.5 

17.9 

0.430 

36 

61.1 

2.03 

0.428 

36 

81 .9 

79.1 

0.428 

36 

78.9 

79.1 

0.426 

36 

25.9 

423.0 

0.426 

36 

159.1 

17.9 

0.426 

36 

26.3 

423.0 

0.424 

36 

180.3 

21 .0 

i 

0.424 

36 
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(1) 

(2) 

(3} 


(4) 

(5) 

(6) 

(7) 

(8) 

32 

Air 

2.41 

Steel 

3850 


44.6 

53.2 

1597.5 

0.423 

6 

33 

EtOH 

29.3 

Glass 

93.9 


55.4 

41 .1 

3.2 


36 

34 

EtOH 

29.3 

Silica 

973 


163.8 

134.5 

33.2 

0.423 

36 

35 

Iso-Octane 

12.3 

Silica 

973 


74.6 

77.7 

79.1 

0.423 

36 

36 

Air 

2.41 

Lead 

2950 


36 

41.2 

1224.1 

0.420 

6 

37 

Iso-Octane 

12.3 

Silica 

973 


70.6 

66.9 

79.1 

0.420 

36 

38 

Helium 

15.6 

MqO 

2750 


132.5 

151 .7 

176.3 

0.420 

21 

39 

Hel ium 
18.6 

MqO 

2160 


152 

127.2 

116.1 

0.420 

21 

40 

Air 

2.68 

MgO 

2820 


33.5 

30.5 

1052.2 

0.420 

21 

41 

Ai r 
3.20 

MgO 

2200 


40.2 

52.7 

687.5 


21 

42 

Argon 

2.16 

MgO 

2750 


26.8 

19.5 

1273.2 

0.420 

21 
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(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

43 

Arqon 

2.23 

MoO 

2200 

29.8 

24.1 

986.6 

0.420 

21 

44 

Air 

2.74 

ai 2 o 3 

2600 

36.1 

31 .3 

948.9 

0.420 

45 

45 

Iso-Octane 

12.3 

Silica 

973 

71.2 

69.3 

79.1 

0.419 

36 

46 

EtOH 

29.3 

Sil ica 
973 

144.2 

114.2 

34.2 

0.418 

36 

47 

Air 

2.25 

Quartz 

947 

29.7 

19.4 

420.9 

0.416 

35 

48 

Air 

2.3 

Glass 

93.9 

17.1 

13.9 

40.8 

0.414 

36 

49 

Water 

54.5 

Sil ica 
973 

230.5 

157.7 

17.9 

0.414 

36 

50 

Air 

2.41 

Steel 

3850 

35.1 

29.8 

1597.5 

0.413 

6 

51 

Air 

2.41 

Steel 

3850 

33.6 

29.8 

1597.5 

0.413 

6 

52 

EtOH 

29.3 

Silica 

973 

154.9 

115.6 

33.2 

0.410 

36 

53 

Ai r 
3.0 

j 

1 

Sand 

160 

23.1 

16.7 

53.3 

0.410 

56 
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(1) 

(2) 

(3) 

(4) 

65 

Water 

Copper 

613 


54.5 

33200 

66 

Glycerine 

46.3 

Copper 

33200 

607 

67 

Glycerine 

Copper 

549 


46.3 

33200 

68 

Water 

54.5 

Copper 

33200 

635 

69 

Arqon 

Lead 

25 


1.46 

2950 

70 

Air 

Lead 

36 


2.18 

2950 

71 

Helium 

Lead 

162 


11.5 

2950 

72 

Hydroqen 

Lead 

183 


14.7 ' 

2950 

73 

Water 

Lead 

470 


54 

2950 

74 

Air 

Steel 

45 


2.43 

3030 

75 

Methane 

Steel 

55.8 


3.0 

3300 


_ (5) 

_(6) 

(7) 

J§1 

639.0 

609.2 

0.387 

36 

529.1 

717.1 

0.386 

36 

463.2 

717.1 

0.385 

36 

553.2 

609.2 

0.384 

36 

29.4 

2020.6 

0.380 

23 

31 .2 

1353.2 

0.380 

23 

205.8 ; 

256.5 

0.380 

23 

214.3 

200.7 

0.380 

23 

377.7 

54.6 

0.380 

23 

59.1 

1246.9 

0.380 

58 

72.5 


0.380 

58 
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0) 

(2) 

(3) 


(4) 

(5) 

(6) 

(7) 

(8) 

76 

CO 2 
1.35 

Steel 

3300 


32.4 

42.1 

2444.4 

0.380 

58 

77 

Hydrogen 
16.4 ' 

Steel 

3300 


188 

191 .2 

201 .2 

0.380 

58 

78 

Freon-12 

0.78 

Glass 

90 


3.96 

3.19 

115.4 

0.379 

23 

79 

Argon 

1.46 

Glass 

90 


13.3 

11.2 

61.6 

0.379 

23 

80 

Air 

2.18 

Glass 

90 


18 

16.2 

41 .3 

0.379 

23 

81 

Water 

54 

Glass 
; 90 


75.5 

66.2 

1.67 

0.379 

23 

82 

Air 

2.24 

Quartz 

1175 


35.7 

41 .8 

524.6 

0.377 

34 

83 

Air 

3.0 

Sand 

160 


29.4 

22.2 

53.3 

0.370 

56 

84 

He! ium 
13.1 

Quartz 

680 


94.5 

72.6 

51 .9 

0.369 

60 

85 

Hel ium 

13.1 

Quartz 

680 


91 .5 

72.6 

51.9 

0.369 

60 

86 

J 

Hel ium 
12.2 

Quartz 

830 


97.8 

78.0 

68.0 

0.369 

60 
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UfiLL 7-11 EXPERIMENTAL AND PREDICTED THERMAL CONDUCTIVITIES 

EUR VARIOUS MODELS 


CASE 

tXKE 

MODEL 

KRUP I C . 

RUSSELL 

LI CHT. 

JEFFERSON 

1 

0.9760 

0.6 160 

0.4752 

0.3965 

0.3203 

C.3731 

2 

0 . 6 3 C C 

0.6170 

0.4914 

0.4 132 

0.3424 

0.3873 

3 

0. /4CC 

0 .7380 

0.5900 

C. 51 74 

0.4313 

0.4 751 

A 

1 . HO CO 

1.5260 

1.4804 

1.5330 

1 . 3468 

1.3232 

5 

1 . 7270 

1.8120 

1 .5364 

1.2773 

1 .0900 

1.3735 

6 

0.22CC 

0 . 2 4 2 0 

0.1594 

0.C558 

0. C802 

C. 1550 

7 

2.4830 

2. 1 190 

2 . i I 9 7 

1.9338 

1.6690 

1.4570 

U 

O 

2. 72 CO 

2.2 8.30 

2.37CQ 

2. 2294 

1 .9349 

2.2114 

9 

1 . 174C 

1 . 1440 

0.5955 

0.7184 

0.6082 

0.8620 

10 

1 .22CC 

1 . 3 3 50 

1 . 1 C 2 5 

0.84C3 

0.7136 

0.9693 

L I 

U . 3 8 7 C 

u . 3060 

0. L 70 I 

C.07 81 

C. 0654 

C . t 3 l 9 

1 2 

0 . 4 I 6 C 

0.48 70 

0.2C06 

C.C9 6 7 

0.0810 

0. 1569 

1 3 

0 . ft C 5 C 

0. 7330 

0.9C56 

C.6081 

0 . 5180 

0.8095 

1 A 

0. 304 G 

0 .2 7C0 

0.3264 

0.1327 

0.1131 

C . 2986 

1 9 

2.1600 

1.91 9 0 

2.1695 

2.25 76 

2.0391 

2.2112 

1 6' 

0.26 8 0 

0 . 34 90 

0.2551 

0. 126 7 

C. 1008 

0.2442 

1 7 

0.2190 

0 . 169 0 

0. 2623 

0.1299 

0. 1 L 15 

0.2519 

i e 

o . 1 1 8 C 

0.0690 

0.0060 

C.0906 

C. 0824 

C.C079 

ID 

0 .2630 

C . 2 2 1 0 

0.2508 

0.2619 

0.2447 

0.2543 

20 

1 .4460 

1.2230 

1.5079 

1.4039 

1.2450 

1.5260 

2 I 

1 .4690 

I .2460 

1.5119 

1.4073 

1.2484 

1.5319 

22 

U . 2 3 8 C 

0.2250 

0.2671 

C . 1 3 1 3 

C. 1 129 

C . 2603 

23 

0 .3510 

0 . 4 2 2 0 

0 .3443 

0.3838 

0.3582 

0.355 1 

2 4 

2 . 1 M 5 C 

1 . 7 7 50 

2 .2 125 

2. 3022 

2. 0 04 >3 

2.2 72 1 

2 b 

0 . 7 3 2 C 

0.6 1 LO 

G.675C 

0.7060 

0.6584 

0.6004 

26 

0 .94 1C 

0.81 90 

0.8823 

C. 6648 

0. 5802 

0.8055 

27 

0 • 7 0 9 0 

0 . 7 0 90 

0.8803 

C.6683 

0.5838 

0.8948 

2M 

j .22 3 0 

0.2590 

0.2/59 

0.1339 

0. 1155 

0 . 2 7b 2 

2 9 

2 . 1 G C C 

i . 951.0 

2.2321 

2. 3224 

2 . 10 56 

2.2998 

30 

0 .2260 

0.2030 

0.2785 

C. 1347 

0.1162 

C.2810 

3 1 

^.0550 

l . 8 0 3 U 

2.0302 

2. 0673 

1 . H 6 4 4 

2. 1CC0 

3? 

u . 4 4 1 0 

0.9320 

0 . 3983 

0.1433 

0.1234 

0.4247 

33 

0.4 940 

0.4110 

0.5457 

0.589b 

0.5578 

0.559 1 

34 

L . 6 3 8 C 

1 .3450 

L . 5531 

1.4422 

1.2835 

L. 5925 

3 6 

0. 7460 

0.7/70 

0.8973 

0.6737 

0.5891 

0.9091 

3 6 

0 . 5 6 0 0 

0.412 0 

0 . 3835 

0.1443 

0. 1244 

0.4104 

3 7 

U . 7 C 6 C 

C .6690 

0.9C65 

0.6792 

0.5945 

G . 9238 

3(5 

1.3290 

1 .5 170 

1 .4965 

0.9027 

0. 7835 

1.5197 

39 

1.52CC 

1 .2 720 

1.5616 

1.0549 

0.5190 

i . 5869 

60 

0 . 3 3 9 C 

0.3050 

0.4127 

C . 1603 

0.1383 

0.4380 

6 1 

0 . 4 C 2 C 

0.5270 

0 . 4 4 6 6 

0. 1907 

0 • 1646 

0.4649 

6 2 

0.268 9 

0. 19 50 

0.3466 

0. 12.94 

0.1116 

C.3718 

6 3 

0.2980 

0.2410 

0.3385 

0.1333 

0.1150 

C. 3580 

6 4 

_■ e i 6 1 0 

0 . 3 1 30 

') .^12 3 

(“i uia 

w a. ^ O 

1 /. 1 2 

\j m x -i i j 

r\ 7. T C 7 
52 * T > -J 

4 6 

o .7120 

0.6 5 30 

0.9097 

0.68 1C 

0.5963 

0.9280 

4 6 

i . 4 4 2 C 

1 . 14 2 0 

l .5745 

1.4601 

1. 3016 

1.624 1 

4 7 

J .29 70 

0.1940 

0.2826 

0. L348 

0.1166 

0.2948 

48 

0. L7 i 0 

0. 1.3 90 

O.L355 

C. 1197 

0.1063 

C. 1402 
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TABLE 7-JI EXPERIMENTAL AND PRECICTEf) THERMAL CONDUCT l VI TI E$ 

FOR VARIOUS MODELS 


CASK 

r: X *< L: 

MODEL 

KRU^IC. 

KUS Sr L L 

LICHT. 

JEFFERSON 


^ •SOSC 

1.977Q 

2.293A 

2. 1868 

2. 1696 

2.3857 

sc 

0.351C 

0 . 2 9 8 0 

0 . A 2 2 l 

C. 1675 

0. 12 75 

0.6861 

SI 

u • J 3 6 C 

0.298O 

0.62 21 

C . 1 6 7 5 

0. 1275 

0.6861 


i. « A 'y G 

1 . I :> 6 0 

l . 6 l C C 

1.6856 

1.3312 

1.6766 

s t 

0 • ? 3 1 0 

0.16 70 

0. 198 1 

0. 1615 

0.1666 

C . 205 9 

S A 

y . n i o 

G . u 5 / u 

0.7196 

C . / 6 C 6 

0.7052 

C.7687 

&5> 

u- * J 6 / C 

G . 6 1 6 0 

0.6606 

G. 1523 

0. 1322 

0.5688 

So 

^ ; 7 1 c 

0.6280 

0.6 LC4 

C. 1629 

0. 1262 

0.5169 

S 7 

i « / 0 YC 

t . 2 h 7 0 

1.7618 

1.0181 

0.8901 

1.8939 

S 

/.<JS5C 

2 . 7 3 1 0 

1.8026 

1 . C 9 2 5 

2. 7620 

6.0181 

S'y 

-L • ( t' Ks V 

2 . 06 90 

2 . 2 7 1 2 

1.6752 

1.2936 

2.6269 

6 0 

0 • A 2 5 C 

C • A o ’/ 0 

0.6711 

C. I860 

0. 13 58 

0.6692 

SI 


2 . S 1 TO 

6.1789 

1 .906 3 

1 .6595 

7 . 1256 

s? 

..•SC SC 

u . A ‘j 0 0 

0 . 6 8 2 C 

0.1576 

G. 13 72 

C .6669 


- • S S £ 0 

J • A B 2 0 

0 .6860 

0. 1579 

C. 13 77 

C.6977 

'j't 

j./SSC 

G . 2 ?. l \ 0 

0 . 2 1 9 9 

0. 1826 

0. i62Y 

0.2359 

o ^ 

c> • L ^ u, 0 

6 i Vj C (J 

R . 7766 

1.5/53 

3. 1266 

l 1 . 1086 

6 S 

b • i ^ 7 c 

5 . 1 'i I. 0 

7 .8166 

3.0526 

2.6 6 78 

10.2277 

6 / 

s . S r > C 0 

A .6 T?0 

7.8766 

3.06 17 

2.6769 

1 C . 3 7 3 6 

/j :> 

b * "i s c C 

'.j . 5 T20 

8.9197 

1 . 60 H i 

3. L 56 8 

1 L. 5586 

t,l 

V • / J v. u 

G • 2 V A 0 

0 . 1 1 C 0 

C.09R / 

C.0866 

0.5856 

70 

• 36LC 

0, T 120 

0.6692 

C. 16 7 1 

0.1288 

C . 7059 

f I 

1 • 6 ? C v; 

2 . C G >3 0 

1 . 6 h L 8 

0.75 7 3 

G . 6 6 5 5 

1.7757 

7 2 

L • c > ^ 0 

2 . i. A JO 

1 . 7669 

0.5 6 00 

0. 8668 

2.0676 

m 

‘i • 7 ^ vy 

3. 7 / 70 

1.9766 

3.202 7 

2. 36C0 

6.3669 


u l 

0 , ‘5 9 l 0 

0.6908 

C. 1619 

0. 1635 

0.7599 

7S 

, • •) S H L 

0 . 7 2 S 0 

0.6876 

0.2022 

0. 17 7) 

0.8827 

7o 

- j • S ? S C 

G . 2 1 0 

0.31 e 0 

0.09 16 

0.0799 

0.6022 

f / 

1 . H r C 0 

1.0120 

1.960 7 

1 .0712 

0.9626 

2 . 2870 

7H 

i j • j SSC 

G . C 3 1 0 

0.0767 

C.06 5 7 

0.06 3 ) 

0.0866 

7> 

! • I 3 3 C 

U. 1120 

3.1112 

0 . 0 8 ft 1 

C. 0786 

G. 1266 

-i .*] 

j . I b C C 

C . i 1 2 0 

0.1*37 

0 . 12 6 6 

0.1119 

0.1960 

8 l 

v i • / 0 

v. . L G 2 *. i 

0.7 28 6 

0 . 76 8 7 

0.6962 

0.7383 

8 2 

n. 3 s /C 

C . M 8 0 

0.1691 

C . i 9 i 2 

0.1327 

0.6891 

;•. 3 


0*222!) 

0.2 26 6 

0. 1826 

0.1635 

0.2916 

>>6 

j • SASC 

C. /2G0 

0.9818 

0. 7960 

0. 7162 

1 .091 1 

?'» k -> 

' / « S L "j C 

0 • 7 2 o 0 

0.9b 18 

0.7960 

0.7162 

1.0511 

o 6 

. ♦ S 7 £ C 

G * l \i 0 0 

1 .0206 

0. / 6 5 8 

0 . 6839 

1 . 16 9 6 

r f 

V- • ‘V 'l C ’ ; 

l/ ■ / y 0 

1 .0206 

0 * 76 5 6 

0.6839 

I . 1656 

b r. 

j • 3 i> c 0 

3 . 2‘> 60 

0.6/12 

0. 1989 

0. L 3 59 

0.8521 

b -> 

i. * i L> C 

l .1)6 30 

1.8186 

1.113 9 

0.9883 

2 . 2069 

1*. <*9 

o • 2 s c c 

G .2020 

0.2215 

C. 1659 

0.1687 

0.2560 

9 1 

j ♦ 3 7 8 v/ 

o . 6 d 2 0 

0.6156 

C. 1626 

0. 16 39 

C.7013 

>2 

u . s a 3 c 

C . 62 70 

0.7508 

0.19 20 

0. 1726 

-2.5897 
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fABLL 7-TfT BXPLKlMKfAL AND PREDICTED THfcRKAL 
a l ll / j_LL t me wnn^i S 


CONDUCT I V I T 1 £S 


CA S L 

uXKu 

1 

0 . b 7 6 0 

2 

C . 6 3 C C 

3 

C. 7 ACC 

4 

1 . 8CCG 

5 

1.7270 

6 

C.22CG 

7 

2. A 8 30 

8 

2. 72CO 

9 

1 . 1 7 A 0 

LG 

l .22CG 

l L 

0.38 70 

12 

C . A 1 6 0 

i 3 

0.8050 

LA 

C . 30 A C 

l 5 

2. 16C0 

L6 

0.268 0 

17 

o. 2 i y o 

IB 

0 . i i £J 0 

19 

C. 2530 

2 0 

1 . A A 6 0 

21 

U A 6 b 0 

22 

G . 2 3 8 0 

23 

C.3bl0 

2 A 

2 . 16 5 0 

2 b 

0.7320 

2 6 

0 . 9 A 1 0 

2 7 

0. 7 0 9 C 

28 

0.2 2 30 

2 9 

2 . 1 C 0 'J 

30 

C.226C 

31 

2.0550 

32 

C . A A 6 J 

3 3 

0.5540 

3 A 

1 . 0 3 H 0 

3b 

0. 7 A 6 0 

3 6 

o . 3600 

3 7 

C . 70 6 C 

3 8 

i . 3 2 b 0 

39 

1.52CO 

AG 

C. 3350 

A 1 

0 . A C 2 o 

A 2 

0.2680 

A 3 

0.2980 

/; /. 

n . ^ f- \ o 

Ab 

0 . 7 12 0 

A 6 

1 . A A 2 C 

A 7 

0.29 70 

48 

o . 1 7 1 0 


MAXWLLL 

RAY Ll: ICH 

0.3226 

0.3213 

C . 336b 

C.3352 

0 .A2A 1 

0. A226 

1 . 3 3 7 1 

1.3339 

1.0772 

1.0733 

C.079 1 

C.G788 

1.6825 

1.6A69 

1.9161 

1.9098 

C .6007 

C.5903 

C.7C50 

C .7021 

0 . 0 6 A 6 

0.C6A3 

o . 0 8 0 0 

O.C 796 

C. 5123 

0.5097 

C ♦ 1 1 2 C 

0. 1 L 15 

2.0316 

2 . 0 1 A2 

C . 1 07 7 

0. LG 6 2 

7 ; . 1 1 o 5 

C . 1089 

C.G822 

C » C 6 8 0 

C .2593 

0.2 5 5A 

1.2368 

1.2231 

1.2 AO 3 

1.22 6 A 

C . 1 11 9 

0.1103 

C . ’3 6 0 7 

C.3A2 7 

2.0778 

2.0587 

0. 700 A 

0.6968 

C . 5 7 5 b 

C . 5 6 7 7 

0.5 79 L 

0.5711 

C . L 1 A A 

0.1127 

2.0988 

2.0788 

C . 1 1 b 2 

0 . 1 13A 

1.8571 

1.8 3 79 

C . 1 2 2 3 

0.1218 

C. b 7 73 

0.5677 

1.2756 

1.2602 

0.5 BA A 

0.5 761 

G . 1 2 3 A 

0.1227 

0.5899 

0.5813 

C.77 70 

G.7726 

0.9116 

0.9053 

C. 137 1 

0. 1363 

0.1632 

0 . 16 20 

C. 1 106 

C. 1G99 

0. 1 1 A C 

0.1132 

0 • 1 A 0 1 

0.1392 

0.5917 

0.5830 

1.2938 

1.2775 

G. 1157 

0. 1 137 

C . 1056 

0.0927 


W AND M 

V ANC T 

0.6 A 89 

0.3771 

0.6736 

0.3933 

C.82A0 

0 . A 9 5 1 

2.0233 

1 . 5 3 A 9 

2.259A 

1 .3363 

0.1919 

0.0987 

3.23C2 

2.0A50 

3.6333 

2 . 3 7 A 2 

1 .3A96 

0 . 7 A 9 4 

1 .5AS2 

0.8791 

C. 1572 

0.0807 

0.19A1 

0. 1CC0 

1.1786 

0.6511 

C.276A 

0. 1A5A 

3.3220 

2.6230 

0.2608 

0.1411 

0.2675 

0. 1 A A 8 

0. 1 3 C 5 

0. 1C60 

C.2691 

0.2859 

2.3 3C7 

1.6173 

2 . 3 36 A 

1.6233 

0.27C8 

0. 1 A 72 

0.A7 15 

0 . A 5 3 7 

3.3662 

2.7C35 

C.7220 

0.7679 

1.2A62 

0.7592 

1.2531 

0.7652 

0.276 7 

0.1514 

.3. A LAO 

2.7404 

0.2 78A 

0.1526 

3 . 1 A A 2 

2.A365 

0.3019 

0. 1621 

C.6291 

0.6738 

2.3939 

1.6840 

1.2635 

0.7742 

C.3037 

0 * 1640 

1 . 2 7 A 0 

0.7834 

i.eoAb 

1.0325 

2.05C3 

1.2111 

0.3369 

0.1822 

0.39 8 5 

,0.2 169 

C.2723 

0. 1470 

0.28CC 

0.1515 

0 . 3 A 3 8 

0.1862 

1 .277A 

0.7864 

2 . A 2 2 8 

1.7155 

0.2789 

0. 1542 

0.2056 

0. 1407 
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TAP.lt 7-TfT c / P L K I w 6 i\ r A L A M3 PREDICTED THtR^AL 

FOR VARIGUS POCfc'LS 


C A s L 

6 x K t: 

MAXWELL 

46 

*.3050 

2. 1634 

b C 

0. 3b 10 

C. 126 4 

51 

u 4 3 3 6 0 

0 . 1264 

b 2 

1.9490 

1.3237 

53 

C . 2 J 1 0 

0.1436 

54 

u . 7 3 1 0 

0.7974 

b b 

C . 36 7 0 

0.1312 

5 6 

0.3710 

0.1232 

b 7 

1.20/0 

C . H ft 3 5 

bft 

2. '39 5 0 

2. 724b 

59 

1.760 .) 

1.2 64 2 

60 

0.42 5 0 

0.1346 

6 1 

3.2750 

L .64 7 2 

6 2 

0 . 4 C 3 0 

C. 136 2 

'j JJ 

C . 4 5 b u 

C • 1 36c 

6 A 

0 • 2 9 4 0 

0.1616 

<> *:> 

6 . 1 J b 0 

3. 1022 

A 6 

7.0/ 0 J 

2.6407 

i.7 

b . 4 '3 C -J 

2.69/9 

A 

6 . 3 b C 0 

3.1345 

tv 1 > 

0 . 2 b C C 

C . 0 6 b 8 

/v. 

\y • 1 t. V 

C . 12/0 

M 

l .Ud A J 

: . 6 6 1 c 

7 2 

1 . h ;*i u 0 

0.8392 

7 5 

A . / L, C 0 

2.8440 

7* 

0 • A % L o 

0.142b 

VS 

■ i.‘ l: > 3 • i 

* * J y - 

C. 1 7b ts 

fo 

C • 5 ?. A 0 

0.0704 

7 / 

i * L vJ 

C . >36 3 

Vr. 

C . 3 *j 6 

0.04 3 7 

r , 

o. 1 i 3C 

. 0 7 f i 1 

■JO 

0 . 1 n L 0 

C .111 4 

r i 

C. /■; AO 

C . 74 6 2 

r 2 

. 'iS 7-j 

C .131 ft 

■> J 

c . z oao 

C . i 6 2 7 

•;A 

L • k 7 A 2 ^3 

0.710b 

A 

v * / * ' -f 

C . 7 1 0 5 

<<> 

o . b / 5 0 

l • 6 6 u 7 

/ 

0.04C j 

C. 6 60 2 

• l * 

0.3 5 00 

0 . 1 39 U 

rJ 

1 . i 0 C 0 

0 .9625 

bL 

. 2 b 0 0 

0 . 14 /9 

3 1 

0 .37 6 0 

C. L43 L 

72 

c 

• 

ox 

O’: 

OAP 

o 

C . 1 7 17 


RAVLtlGh 

W AND M 

M AND T 

2.1407 

3.5011 

2.8550 

0.1256 

C. 31 14 

0. 16 89 

0. 1 2b8 

0.3114 

0. 1689 

1 .3056 

2 .4692 

1 . 7675 

0.131/ 

C . 2922 

0. 1922 

0 . 7 b4 6 

C . 7704 

0.8167 

C. 1 305 

C.3219 

0.1769 

0. 1 224 

0.3017 

0 . 16 64 

0 . ft 7 6 1 

2.04 14 

1.16 36 

2.7100 

5.5466 

3.6783 

1 . 2 7o6 

2.8821 

1.7350 

0.1341 

0.3267 

0. 1829 

1.6462 

4.0117 

2.2366 

0. 1354 

0. 3326 

0.1853 

0. 1359 

C . 3 3 3 6 

0 . 186 1 

0. 1463 

0.3221 

0.2203 

3. 1 C C 2 

7.4618 

4.2359 

2.64 7 0 

6 . 3880 

3.6196 

2 .6662 

6.4066 

3.6351 

3.1325 

7.5270 

4.2608 

0.0851 

C .208 6 

0.1178 

C. 1269 

C.31C0 

0.1756 

0.6661 

1 . 5 3 9 L 

0. 9082 

0. ft 3 29 

1.9284 

1.1531 

2.8256 

5.7066 

3.9C87 

0. 14 14 

0.3452 

0.1957 

0. L 74 6 

C.4252 

0.2414 

0.0768 

0.1933 

0. 1 C60 

0.6301 

2.1519 

1.2865 

C.C 3 56 

0.0961 

0.0601 

C.C64b 

C. 1 56 5 

0.1074 

0 .0932 

C.2 127 

0.1531 

0. 74 34 

0.7569 

0.8073 

0. 129 2 

C . 3 i 4 0 

0.1815 

0.1444 

C. 3227 

0.2256 

0.6864 

1.4021 

0.9863 

0.68 9 4 

1.4021 

0.9863 

0 . 6 6 2 ft 

1 . 3 986 

0 .6443 

C.6623 

L . 3986 

0.9443 

0. 13 74 

0.3323 

0.1933 

0.9720 

2.1721 

1 .3682 

0. 130 5 

G. 30 10 

0.2070 

0.139 7 

0.3350 

0.2C09 

0. 169 3 

0.3886 

0.2505 
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TAG Lt 7— IV PERCENTAGE ERROR BETWEEN PREDICTED AND EXPER IKENTAL 

thermal conduct ivi ties 


CASE 

KOCEL 

KKUP IC. 

RUSSELL 

LICHT. 

JEFFERSON 

i 

6 . 5 A A 

-17.A97 

-31.156 

-A3. COS 

-35.217 

2 

-2 .07, A 

-22 . CO 3 

-3A.AU 

-45.6AH 

-38.520 

3 

-0 .2 70 

-20.265 

-30.082 

-Al. 71 7 

-35.802 

A 

-15.222 

-17.755 

- LA, 8 33 

-25. 180 

-26.A87 

5 

A .922 

-L 1.039 

— 2 6 . 0 A 1 

- 36.886 

-20 .A 70 

6 

10.CC0 

— 9 . 3 A 9 

-56.A5 0 

-63.551 

-29.558 

7 

-1A .660 

-1A.632 

-22. 120 

-32.7A9 

-21.183 

8 

-16.066 

-12.669 

-18.037 

-28.863 

-18.697 

9 

-2.555 

-15.201 

-38.807 

- A 8 . 198 

-26.578 

10 

9 • A ? 6 

632 

-34. 120 

-Al. 50 5 • 

-20.550 

11 

-20.930 

- 5 6 • C A 2 

-79.813 

-83.098 

-65.923 

12 

17.067 

-51.777 

- 7 6 . 7 A 3 

-80.519 

-62.283 

i 3 

-8.5AA 

12. A97 

- 2 A . A 5 6 

-35.650 

0.561 

1A 

-1 1 . 10A 

7. 365 

-56.360 

-62.780 

-1.770 

15 

-11.157 

0 . A 3 8 

A .517 

-5.597 

2.372 

16 

28.7 3 1 

- A . 8 2 8 

-52. 73A 

-59.A21 

-8.894 

17 

-22.831 

19.750 

-AG.70A 

-A9.075 

15.039 

18 

-2 A . 5 76 

-27.135 

-23.C5A 

-30. L 8 1 

-25.A82 

19 

-12.6A8 

-0.077 

3.520 

-3.299 

0 . A 9 7 

20 

-15. A 22 

A. 2H0 

-2.910 

-13.900 

5.53A 

21 

- 1A .9 A 9 

3.201 

-3.936 

- 1 A . 7 8 2 

A. 568 

22 

-5 .A 62 

12.223 

-AA .828 

-52. 5A 7 

9.384 

23 

20.226 

- 1.9 13 

9.33 7 

2.CA0 

1.173 

2 A 

- 18 . 76 A 

1.257 

5 » 36 A 

-A. 585 

3.987 

2b 

-16.530 

- 7 . 2 A 1 

-3.5A8 

-10.059 

-5.959 

26 

-12.965 

-6.238 

-29. 35A 

-38.338 

-5.901 

27 

11.283 

25.283 

-5.736 

-17.665 

26.210 

23 

16. 1A3 

23.717 

-39.951 

-A8.213 

2 3.85 3 

2 9 

- 2 A • 2 38 

6.29 3 

10.593 

0.266 

9.517 

30 

16 .372 

23.222 

-AQ.A12 

-A8. 578 

2 A . 3 A 5 

31 

-12.263 

-0.815 

0.600 

- 9 . 2 A 8 

2.188 

32 

19.283 

- 10. 70 3 

-67.878 

-72.336 

-A. 7 72 

3 3 

-25.812 

-1.A93 

6 , A 6 t 

0.678 

0.919 

3 A 

- 1 7 .688 

-5.181 

-11.956 

- 2 1 . 6 A 1 

-2.775 

35 

A . 1 5 5 

20.285 

-9.690 

-21.035 

21.868 

36 

1 A .AAA 

6.531 

-59.916 

— 6 5 . A 3 1 

1 A . 0 1 1 

3 7 

- 5 . 2 A 1 

2 8. A 06 

-3.801 

-15. 796 

30.848 

3 8 

l A . A 9 1 

12.9A7 

-31.872 

-AO. 867 

1 A . 6 9 5 

39 

-16.316 

2.7 37 

-30.597 

-39. 5A0 

A .401 

AO 

-8.955 

2 3.197 

- 5 2 . 1 A A 

-58.72L 

30.738 

A 1 

31.095 

L l. C95 

- 52 . 55A 

- 5 9 . 0 A 6 

15 .645 

A 2 

-27.239 

29.331 

-51.730 

-58.373 

38.737 

A3 

-19.128 

13. 599 

-55.256 

-61.A02 

20.151 

A A 

-13.296 

1A . 2 i 7 

-5A . 630 

-60. 860 

20.570 

A 5 

- 2 .6 69 

27. 761 

-A. 355 

-16.251 

30.443 

A 6 

-20.80A 

9. 192 

1.253 

-9. 738 

12.628 

A 7 

- 3 A . 6 8 0 

-A. 66A 

- 5 A . 62 A 

-60.727 

-0.736 

A8 

-18.713 

-20.762 

-29.995 

-37.832 

-18.003 
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FAbLif 7— IV PESCENTAGl. L ; KKCR 8fcTKtt'N PREDICTED AND HXPEK I^INTAL 

ThtilKAL CONDUCTIVITIES 


A S b 

i v C C E L 

KKUP IC. 

RUSSELL 

LICHT. 

JEF8ERSCN 

'i* 

-31.683 

- 0 . 503 

3.461 

-5.874 

3.499 

SO 

-lb. ICO 

20.243 

-57.089 

— 63. 68 5 

37.913 

SI 

-11.110 

2 b . 6 1 1 

-56.114 

-62.063 

44.070 


-2 5 . 371 

3.9 36 

-3.846 

-14 . C59 

8.225 

v J 

-2 7. I uft 

-14.23V 

-29.20b 

-37.402 

-10.851 


- A . ft 5 l 

1.178 

4.053 

-3.535 

2.415 


1 3 . 1 5 1 

22 . 781 

-58.500 

-63.979 

54 .998 

t>6 

15.364 

10.61/ 

-61.477 

-66.534 

39.226 

!>y 

fc . 6 2 8 

4 0.1 3 3 

-15.632 

-26. 256 

56.913 

S b 

1 5 

2 6 . 9 7 3 

3.256 

—8.446 

34.159 

b 7 

1 6 . 4 2 0 

2 9.04 3 

- 1 6 . 1 ML 

-26 . 502 

37.983 

6 0 

-3.7 6 5 

11.322 

-63.295 

-68.04 7 

52.760 

6 1 

-21. 2 6 7 

64 . 240 

—41.854 

-49. i 2 7 

117.577 

hi 

13.696 

10.59b 

-60.938 

-65.956 

69.96 l 

■j 5 

•3 . / j 2 

6.3 53 

- 1 d . 3 7 4 

-69.812 

52.996 


-2 3.8 10 

-25.196 

-37.900 

-44.650 

-19.776 

6 b 

A . 7 4 1 

4 3. 14 2 

-4 1.676 

-49.027 

81.213 

6 6 

-12. 8 14 

29.C67 

-4 9.713 

-56.050 

o8.496 

6 / 

- L-j .6 2.3 

4 3. yCb 

-44 .231 

-51.240 

86.952 

r,.S 

- j. 2 . r. 2 

4 0 . 4 6 8 

I 

IN 

• 

.'•-i 

o 

-5C.287 

82.026 

6 i ; 

i. 7 . 6 C u 

32.019 

-60.505 

-65.446 

184.239 

/b 

- i J . 3 3 3 

24. 774 

-55. 126 

-64. 226 

97.181 

/ 1 

2 7.;; \( 

-8.532 

-53.251 

-58.920 

9.6 10 

U 

17.1 04 

-4.541 

-47.538 

-53.837 

1 1 .893 

IS 

-IV . t 3 o 

- lb. 395 

-31.857 

— 39. 149 

-7.556 

/m 

31.333 

9.0 75 

-63.569 

-6 8. i 14 

68.062 

7 b 

2 3 • 0 / 8 

5.269 

-63.759 

-68. 2 76 

58.193 

7 6 

2 0 . r . 3 P. 

- 1 . 842 

- 7 1.8 02 

-75.333 

65.873 

/ / 

i . 7;2 

3. 7 59 

-43.022 

-49. 864 

21.650 

7i 

" l ’■> . 'i 4 4 

95.720 

25.497 

1C. 956 

1 L 9 . 2 1 9 

7*/ 

-14.7 j< ) 

-14.890 

-33.762 

-40.953 

-6.454 

b U 

“ i O • C L ■. J 

-20. 168 

-30.7 79 

-37.819 

-13.344 


-12.31 3 

-3. bOI 

-0.836 

-7. 793 

-2.214 


i 7 . ci 7 

2 . 2 6 8 

-57.645 

-62.834 

36.997 

- ? 

< > > 

- 2 4.4 •> 'J 

-22 . 9 39 

-37.951 

-44.375 

- 14 .405 


-23. 1 7 5 

3.896 

- L b . 7 7 0 

-24.428 

15.459 

o b 

. rbo 

/. 302 

-13.006 

-21.950 

19.244 

i J . h 

- 2 0 . 2 4 0 

4.33 3 

-2 l . 702 

-30.069 

17.524 

c. 7 

- 1 7 . C 7 1 

•8 .590 

-18.536 

-2 7.242 

22.275 

f 1 H 

- 1 6 . 44 

32. 362 

-55.374 

. - ( C . 7 1 4 

1 39. 360 

Mb 

- 3 . 3 64 

67. 124 


- ; >.152 

100.628 

bG 

-ID. 2 CO 

-11.413 

-33.646 

-40.532 

i . 6 1 0 

i 

2 7.013 

9.952 

-56.975 

-61.927 

05.528 

92 

7 . 5 4 7 

28.708 

-67.062 

-70.424 

-544.204 
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UBLE 7-V PERCENTAGE ERRCR BETWEEN PREDICTED AND EXPERIMENTAL 

THERMAL CCNDLC T I V I T I E S 


CASE 

MAXWELL 

RAYLEIGH 

W AND M 

M AND T 

l 

-44.001 

-44.211 

12.648 

-34.526 

2 

-46.593 

-46.792 

6.914 

-37.568 

3 

-42.690 

-42.897 

11.352 

. -33.095 

A 

-25. 715 

-25.854 

12.4C5 

-14.727 

5 

-37.626 

-37.849 

30.829 

-22.625 

6 

-64.033 

-64. 184 

-12.765 

-55.117 

7 

-33.447 

-33.674 

30.091 

-17.481 

a 

-29. 553 

-29.788 

33.577 

- 12.712 

'■) 

-48.835 

-49.039 

14.961 

-36. 166 

10 

-42.209 

-42.453 

26.983 

-27.942 

i i 

-83. 320 

-83.388 

-59.391 

-79.154 

12 

-80.774 

-$0,860 

-53.352 

-75.973 

13 

-36.363 

-36.689 

46.406 

-19.123 

14 

-63. 162 

-63.315 

-9.087 

-52.187 

15 

-5.946 

-6.748 

53.758 

21.435 

lb 

-39.806 

-60.372 

-2.676 

-47.345 

1 t 

-49.556 

-50.254 

22.149 

-33.865 

Vi 

-30.374 

-42.345 

10.620 

-10.175 

1’? 

2. 50 3 

0.944 

6.373 

1 3. 008 

20 

-14.468 

-15.414 

61.185 

1 1.850 

21 

-15.341 

-16.285 

59.485 

10.803 

22 

-52.986 

-53.659 

13.794 

-38.165 

2 3 

2.771 

-2.359 

34.333 

29.266 

2 4 

-4.907 

-5.782 

54.977 

23.732 

2 b 

-4.311 

-4.809 

-1.366 

4.9C6 

26 

-38.838 

-39.670 

32.437 

-19.316 

2 7 

-18.323 

—19.456 

76.747 

7.922 

2 8 

-48.679 

-49.46 1 

24.080 

- 32.122 

29 

-0.059 

- L .009 

62.613 

30.495 

3 0 

-49.0 3 l 

-49.821 

23.180 

-32.480 

31 

-9.629 

-10.566 

■ 53.0C1 

18.564 

32 

-72. 582 

-72.694 

-32.30 1 

-63.648 

33 

4.214 

2.466 

13.559 

21.626 

34 

-22. 122 

-23.068 

46.147 

2.806 

38 

-21.657 

-22.770 

69.373 

3.779 

36 

-65.732 

-65.919 

-15.647 

-54.457 

37 

-16.448 

-17.666 

80.446 

LC.957 

38 

-41 . 360 

-41.687 

36.191 

-22.077 

30 

-40.029 

-40.442 

34.888 

-20.325 

4 0 

-89.081 

-59.314 

C.556 

-45.617 

41 

-89.401 

-59.696 

-0.863 

-46.043 

42 

-58.737 

-58.978 

1.615 

-45.160 

4 3 

-61.738 

-62.016 

-6.049 

-49. L49 

/ / 

/ -1 *\ t 

-O l . ill! 

-6i . 440 

-4,778 

-40.435 

4 8 

— 1 6 .896 

-18.118 

79.415 

10.455 

46 

-10.274 

-11.410 

68.015 

18.963 

47 

-61.057 

-61.722 

-6.083 

-48.077 

4 8 

-38.227 

-45.792 

20.236 

-17.706 
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TABLE 7-VI AVERAGE ERROR, BIAS AND VARIANCE BETWEEN PREDICTED AND 
EXPERIMENTAL THERMAL CONDUCTIVITIES 


Model 

1. This Study 

2. Maxwell [9] 

3. Rayleigh [14] 

4. Meredith & Tobias [16] 

5. Russell [43] 

6. Jefferson [78] 

7. Krupiczka [42] 

8. Lichtenecker [24] 

9. Woodside & Messmer [23] 


Average 

Error 

% 

Average 

Bias 

% 

Variance > 
% Error 

-5.78 

15.8 

1.63 

-40.59 

41 .1 

4.99 

-42.05 

42.2 

4.96 

-22.46 

31 .34 

3.56 

-32.65 

34.37 

4.90 

13.80 

37.59 

38.58 

6.76 

17.48 

2.63 

-40.52 

40.82 

4.93 

19.10 

30.12 

6.68 
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TABLE 7-VII CONDUCTIVITY OF PARTICULATE BASALT IN SIMULATED 
LUNAR ENVIRONMENT 

Conductivity (Kcal/m-hr-°K) 


Solid 

Phase 

Experimental 

xlO 3 

Calculated 

xlO 3 

T(°K) 

P 

Ref 

1 .078 

1.50 

1.46 

180 

0.470 

3 

1.125 

1.82 

1.67 

240 

0.470 

3 

1.156 

2.09 

1.86 

280 

0.470 

3 

1.188 

2.42 

2.12 

320 

0.470 

3 

1 .219 

2.84 

2.28 

360 

0.470 

3 

1.078 

1.17 

1 .04 

180 

0.540 

3 

1.125 

1.36 

1 .20 

240 

0.540 

3 

1.156 

1.53 

1 .37 

280 

0.540 

3 

1.188 

1.78 

1 .46 

320 

0.540 

3 

1.219 

2.06 

1 .63 

360 

0.540 

3 

o 

CO 

0.86 

0.69 

180 

0.600 

3 

1.125 

1.01 

0.86 

240 

0.600 

3 

1.156 

1.14 

1 .00 

280 

0.600 

3 

1.188 

1.31 

1.12 

320 

0.600 

3 

1.219 

1.50 

1.24 

360 

0.600 

3 

1.078 

0.51 

0.43 

180 

0.721 

3 

1.125 

0.63 

0.57 

240 

0.721 

3 

1.156 

0.77 

0.62 

280 

0.721 

3 

1.188 

0.93 

0.71 

320 

0.721 

3 

1.219 

1.10 

0.86 

360 

0.721 

3 
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TABLE 7-VIII AVERAGE ERROR, BIAS AND VARIANCE BETWEEN PREDICTED 
AND EXPERIMENTAL THERMAL CONDUCTIVITIES 


Case 


Average 

Error 

% 

Average 

Bias 

% 

Variance of 
7o Error 

Figure 

17 

-15.9 

15.9 

8.7 

Figure 

18 

-20.8 

20.8 

2.1 

Figure 

19 

-39.4 

39.4 

7.5 

Figure 

20 

-9.4 

19.4 

2.4 

Figure 

21 

11.8 

18.5 

1 .2 

Figure 

22 

-17.6 

17.6 

1.1 
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TABLE 7- IX MECHANICAL PROPERTIES AND DENSITY OF SOLID MATERIALS 


Solid 

Young's Modulus 
Newtons/m^xlO^ 

Poisson's Ratio 

Specific weight 
Newtons/m^xlO^ 

A1 umi num 

6.90 

0.33 

2.52 

Basal t 

5.73 

0.25 

2.78 

Coal 

5.00 

0.25 

1.36 

Copper 

10.80 

0.33 

8.72 

Glass 

6.90 

0.24 

2.52 

Iron 

8.96 

0.28 

6.95 

Lead 

1.57 

0.43 

11.10 

O 

CD 

21 .00 

0.25 

3.51 

Quarts (Si0 2 ) 

7.00 

0.14 

2.60 

Sand 

7.00 

0.14 

2.70 

Silica 

7.00 

0.14 

2.45 

Stainless Steel 

20.70 

0.31 

7.86 

Steel 

20.70 

0.3 

7.65 
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CALCULATED EFFECTIVE CONDUCTIVITY 
CONTINUOUS PHASE CONDUCTIVITY 


FIGURE 7-4. COMPARISON OF EXPERIMENTAL AND MODEL 
PREDICTED THERMAL CONDUCTIVITIES. 
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Temperature, °K 


FIGURE 7-5. EXPERIMENTAL AND CALCULARED CONDUCTIVITY 
OF PARTICULATE BASALT IN SIMULATED LUNAR 
ENVIRONMENT. 



THERMAL CONDUCTIVITY (watt/cm-°K x 10 



TEMPERATURE (°K) 

FIGURE 7-6. EXPERIMENTAL AND CALCULATED CONDUCTIVITY OF PARTICULATE BASALT 
IN SIMULATED MARTIAN ENVIRONMENT. 


THERMAL CONDUCTIVITY (watt/cm-°Kx 10 


P= 0.40 
d= 34 i 4 fx 
- 8 

p= 10 torr 



TEMPERATURE (°K) 


FIGURE 7-7. EXPERIMENTAL AND CALCULATED THERMAL 
CONDUCTIVITY OF PARTICULATE GLASS IN 
SIMULATED LUNAR ENVIRONMENT. 



PRESSURE (ninkg) 


FIGURE 7-8. 


EXPERIMENTAL AND CALCULATED THERMAL CONDUCTIVITY OF 
PARTICULATE BASALT IN AIR. 



•THERMAL CONDUCTIVITY (Watt /cm B 




PRESSURE (ptnllg) 


FIGURE 7-9. EXPERIMENTAL AND CALCULATED THERMAL CONDUCTIVITY OF LEAD SHOT IN AIR 


THERMAL CONDUCTIVITY (Watt/cm 



FIGURE 7-10. EXPERIMENTAL AND CALCULATED THERMAL CONDUCTIVITY OF GLASS 
BEADS IN AIR. 



VIII. LUNAR MODEL 


Introduction 

Interest in the thermal conductivity of lunar soils under lunar 
environmental conditions has stimulated analytical and experimental 
research on thermal conductivity. A problem of particular interest is 
the effect of lunar soil depth on the effective thermal conductivity 
of lunar soil samples. This section presents a model for the thermal 
conductivity of lunar soil as a function of soil depth as measured from 
the lunar surface and compares values calculated using the model with 
experimental data. 

Before a study of thermal conductivity can be undertaken on any 
material the character of the material must be known. The character 
of the lunar surface and soil has been a mystery to man until recent 
years when Luna 9, Ranger 7, 8 and 9, [94] Surveyor flights [95-98] 
microwave and radar studies [99] and the Apollo flights have in successive 
steps established the character of lunar soil to some degree. The 
results of lunar studies to date indicate: 

1. the density of the lunar outermost layer is a function of 
depth [100, 101]. 

2. the soil has a particulate structure with a mean particle 
size of 0.1 to 1000 m [102, 103 and 119]. 

3. the effective thermal conductivity as determined experimen- 
tally [105] is a function of temperature and density and below 
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o 

10 torr there is negligible gaseous conduction or conduction in the 
voids of the soil mixture. 

The papers cited above suggest the lunar soil is a heterogeneous 
mixture and several studies on conductivity of mixtures germane to 
this paper can be found in the literature. The studies [45, 106 and 
107] to date, however, involve the case where conduction in the gaseous 
voids in the mixture is not negligible whereas conduction through the 
points of particulate contact is neglected. The model presented herein 
neglects conduction in the gaseous voids and accounts for conduction 
at the points of particulate contact as well as radiant interchange 
between particles, and conduction in the particles. The model yields 
effective thermal conductivity values as a function of depth, temperature, 
porosity, particle dimension and mechanical -thermal properties of the 
particles. 


Mathematical Model 

The model accounts for conductive and radiative transfer in the mix- 
ture. Figure (8-1) depicts these modes [85] and it is seen that conduction 
occurs in the solid particles and at the points of particulate contact 
which give rise to contact resistance. Radiative transfer occurs 
between adjacent particles as well as between particles viewing each 
other through the voids. 

Consider a unit cell taken from the bed at a depth Z, which has 
the same average bed porosity P. The unit cell has an effective 


area A, and height AZ as shown in Figure (8-2). If the system is rogar 



FIGURE 8-1. POSSIBLE MODES OF HEAT TRANSFER IN 
LUNAR SOIL 
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as homogeneous, the heat flux can be expressed by Fourier-Biot relation 


a 

A 



(8-1) 


where k a is the effective thermal conductivity. This effective thermal 
conductivity is a function of 

a. particle size 

b. porosity 

c. depth below the surface 

d. solid particle mechanical -thermal properties 

The heat flux equation must account for the heat transfer modes shown 
in Figure (8-1) and therefore the effective conductivity is the equivalent 
of two conductances in parallel. These two parallel conductances 
are 

1. Conduction through and between solids consisting of 

a. conduction in the solid and 

b. conduction at the points of "particulate contact in 
series" 

2. Radiation between surfaces. 

Each of these conductances in terms of their reciprocals will be 
developed and then synthesized to yield the effective thermal 
conductivity. In order to obtain a simplified system which will 
permit calculations of these conductances the particles will be simulated 
by spheres with an effective diameter d. 

Conduction Through and Between Solids 
Conduction in the Solid. 

The resistance in the solid is obtained from the integration of 
the resistance through a disk of thickness dZ, as seen in Figure (8-2). 
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Thus 



where Z is measured normal to the contact surface from the center of 
the sphere and Z ] = | Vl - (2r c /d) 2 , when deformation of the particle 
is neglected. 

Conduction at the Points of Particulate Contact 

The expression for thermal resistance at the point of particulate 
contact can be determined from the solution of the temperature dis- 
tribution using the Hankel transformation and the analysis yields the 
same result as that appearing in the classical work of electric 
contacts [108] and will not be elaborated here. The contact resistance 
can be written as 


where r c is the radius of the contact area and an expression for r c will 
be developed later. Equation (8-3) will give erroneous results if 
the ratio, 2r c /d is large since equation (8-3) is derived based on the 
assumption of a semi-infinite body. This problem can be overcome by 
considering the analogous case of electrostatic capacitance [109] 
and one can write the equation for thermal contact resistance as 


R c ' 2k 


s r c 


(1 



(8-4) 
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The radius of the contact area must be determined. This radius is 
a function of the depth of the particles below the surface of the 
material for the case of lunar soils. The analysis to determine the 
radius of the contact area was made by assuming the area of contact to 
be small compared with the size of the spheres. This assumption is 
reflected in Equation (8-4) and allows one to consider the contact 
area to be that of the contact between two semi-infinite solids. 

Also, it was assumed that the spheres had smooth surfaces. Considering 
material deformations to be elastic under small applied loads, Hertz s 
equation [110], 


, , f3 

c La 


Ft O 


2 \ 

•v ) 


1/3 


(8-5) 


gives the radius of the contact area. is due to the weight of the 
particles above the contact plane. However, studies of the lunar soil 
density by Jones [101] show that the density is also a function of depth 
due to the change in material, packing and porosity. Accordingly 
, wi 11 be given as 

7 

F-J = A f p(Z) g dz (8-6) 

■X 

where A is the effective area depending on the porosity of the material 
and will be determined. Substituting this relation into Equation 
(8-5) gives the radius of contact area as 
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= 3d g(l-v ) . 

r c . 8E a 


(8-7) 


with the contact area as an implicit function of the depth Z. 

However for paactical calculations the density function for relatively 
small depths of soil can be replaced by an average density, 7, to 


3g A p(lV 

nr j2 


(8-8) 


Combining Equation (8-8) with Equation (8-4) yields the expression for 


contact resistance as 




(8-9) 


where 


S = 2 


( 8 - 10 ) 


Radiation Between Surfaces 

For beds of small sized particles in a vacuum the solid conductivity 
is small, however the relative contribution of radiation to the heat 
transfer may be quite significant even at low temperature ranges 
(100°K - 500°K). When radiant energy impinges on particulate media, 

"il may be reflected, transnii tted through the particles or void space, 
absorbed by the particles and later re-radiated or scattered by the 
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particle surface. In the case of small particles, scattering of radiation 
is likely to occur. The phenomenon of absorption is intimately tied 
to the physical properties of the material and is influenced by the 
emissivity of the particle and the "absorption cross section". 

Similary, the transmission of energy depends on the physical charac- 
teristics of the material. The complexity of the geometry over which 
these transmission processes take place is one of significant diffi- 
culty in evaluating the contribution of the radiant mechanisms. 

However, many investigators have analyzed radiation through porous 
and particulate media and obtained the effective contribution of 
radiation made without considering the phenomena of abosrption and 
scattering in detail [111]. Instead an approximate analysis is considered 
for evaluating the radiative transport by using the "discrete model" 
of Wesselink [1] 


q 


r 


4o b e(T) T 3 
[2 - e<T)] 



( 8 - 11 ) 


where D is the mean spacing between particles and is related to the 
P 

pore size. The size of a pore is difficult to specify in a system of 
particles in general because of the complex shapes of these particles. 
Even in the simplest system comprised of uniform regularly packed 
spheres, there is no single dimension which will characterize the cross- 
section of the pore. However based on Reference [1] L can be related 
to the porosity of the material by 
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> = wn 


(8-12) 


which yields a radiative thermal conductivity component k , as 


k s 4 °b d e(T) T 3 
r (1-P) [2 - e(T)] 


(8-13) 


Effective Thermal Conductivity 

The effective thermal conductivity compatible with Equation (8-1) 
can now be written remembering that the expressions for the resistance 
in each particle and the contact resistance are summed and the result 
is then taken in parallel with the resistance accounting for radiative 
transfer between particles. First the sum of the conductive resistances 
is written using Equation (8-2) and (8-9) to give 


R = R , + R. 
c i c 


■ M [ 


- IN f 1 + \I~I 


m - '-"j 


(8-14) 


Equation (8-14) must be summed from 0 to Z to account for the inter- 
action of all particles from the surface to the point in question. 
Thus , 




R C (Z) dZ 


(8-15) 


gives the mean conduction resistance which yields 


AZ = dll - S‘ 
AR c (Z) AR c (Z) 


(8-16) 
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for the conduction component of the thermal conductivity k g . 

The area A is determined from the unit cube shown in Figure (8-2). 
The porosity by definition is 1 - V s /V where V $ is the volume of solid 
material and V is the composite volume. Since aZ is taken as 

d Vl - S 2 , the area of this cube is related to the porosity by 



where 



Equations (8-16) and (8-18) result in 

3 ( 1 - P ) (1-C 2 Z 2/3 ) k 
|< = s 

[t 11 + (<M - 2c2 z2/3) ] 

where 



(8-18) 


(8-19) 


( 8 - 20 ) 


Combining this result with that for the expression for the radiative 

thermal conductivity component. Equation (8-13) yields the effective 

thermal conductivity k as 

0 
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3(1-P) (1-C 2 Z 2/3 ) k 
k = 5 

[i ■ 11 + (4 '’- 2 ° 2 z2/3 >] 

4a. d / T > x 3 

+ __L_ e ( T ? T ■ (8-21) 

(1-P) [2 - e(T)J 

Application of the Model 

Equation (8-21) was compared with experimental data taken with 
lunar soil samples from the Apollo 11 and 12 flights. Application 
of the model is dependent on knowing the values of certain physical 
properties and characteristics of the sample to be evaluated. The 
only property or characteristic of the lunar soil directly measured 
in the Apollo experiments applicable in Equation (8-21) was the sample 
density. Thus the values of the other properties and characteristics 
had to be approximated. The approximation process was based on the 
similarity of lunar soil to terrestrial basalt. This similarity has 
been demonstrated by Snoddy et al. [112], the Surveyor alpha-scattering 
experiments [113] and as a result of Apollo 12 [114] studies. Table 
8-1 compares the major and minor elements of Apollo 12 samples and ter- 
restrial basalt and shows that there is substantive evidence to support 
the approximations. The properties and characteristics selected for 
inclusion in Equation (8-21) were 

1. Solid particles density, modulus of elasticity, solid thermal 
conductivity and Poisson's ratio, 
p = 2830 dg/m 3 Reference [64] 

E = 2.2 x 10" N/m 3 calculated from data given in Reference [115] 
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TA8LE 8-1. COMPARISON OF MAJOR AND MINOR 
ELEMENTS OF APOLLO 12 SAMPLES 
AND TERRESTRIAL BASALT. 

Element Oxide Lunar Fines % Basalt % 


S i°2 

47.2 

51 

A1 2°3 

14.3 

14 

Fe 2°3 

0.0 

3.4 

Fe 0 

14.2 

8.8 

Mg 0 

9.28 

4.4 

CaO 

10.6 

8. 

Na 2 0 

0.66 

3.4 

K 2° 

0.41 

1.7 

h 2 o 

0.0 

0.86 

T i°2 

2.48 

2.7 

P 2°5 

0.52 

1.4 

M n O 

0.19 

0.25 

Cr 2°3 

0.32 


co 2 


0.03 

s 


0.004 
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K s = 1.324 watt/m K Reference [64] 
v =0.2 Reference [116] 

2. Emissivity 

The hemispherical emittance as function of the temperature 
given by Reference [121] was used. It shows that the emissivity 
changes from approximately 0.98 at 80 K to 0.92 at 440 K. 

3. Depth-density relationship 

Matveev [100] proposed a model for the relation between 
the density of the outermost lunar layer and the depth as 

p = P„ fl + { ^ - 1) exp - f-1 (8-22) 

while Jones [101] modified this model to an approximate similar 
equation as 



where p m , p Q and Z Q are given constants [101]. Each model seems to 
satisfy the known physical requirements indicated by the presently 
available experimental data. These models together with the experi- 
mental data of Jaffe [94], Christensen et al . [97], Campbell et al . 
[122] were used to approximate the depth Z, for a given density. 
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4. Particle Diameter 

Unfortunately, there is no method developed in the literature 
to specify the particle diameter to be used in conjunction with any 
theoretical model for the thermal conductivity of a natural sample of 
granular material with a diverse range of particle sizes. As an example. 
Figure (8-3) shows different arrangements A and B of six particles of 
two different sizes which will give different porosities and thermal 
conductivities while they give the same particle size distributions. It 
is an important fact that when the system of granular material is 
modeled theoretically, the size of the particle should be based on 
an experimental simulation of the natural sample. If, for example, one 
needs a representative particle diameter to calculate the thermal con- 
ductivity of a lunar sample of particle sizes from 0.1 to 1000 /u.m [119] , 
one should conduct the following experiment: 1) Determine experimentally 
the conductivity of the lunar sample; 2) Separate the lunar sample into 
n samples with each of the n samples having the same particle size; 

3) Determine experimentally the conductivity of each of the n samples; 

4) Compare the conductivity value of the original lunar sample with 
each of the n samples and 5) Select a representative particle diameter 
for the original sample on the basis of the closest agreement of the 
original sample conductivity with the conductivity of one of the n samples. 
This diameter is then correlated to one of the statistically defined 
particle sizes obtained from the natural sample size-distribution data 
(the median, the mean, the mode, etc.). In this way, a correlation will 
specify the particle diameter to be used in the theoretical equation 



A 


B 


FIGURE 8-3. DIFFERENT ARANGEMENTS OF SIX PARTICLES OF TWO 
DIFFERENT SIZES. 
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for determining the thermal conductivity of any other natural sample 
or material in site without the necessity of performing the previously 
described experiment again. The experimental values of Fountain and 
West [123] for basalt samples of particle sizes from 37 to 62 pm diameter 
and density of 1.3 g/cm , showed fairly good agreement with lunar sample 
data of Apollo 11 [105] at a density of 1.265 g/cm . Since the range 
of the particle sizes of [123] is very narrow compared to the lunar 
material range, an average diameter of 50 jxm was used in the theore- 
tical model. It is noted that the diameter chosen is approximately in 
the range of the median diameter (50%) based on a weight distribution 
of lunar samples analyzed by [124], [125] and [126]. 

Values of conductivity from equation (8-21) using the aforementioned 
physical properties and characteristics are compared with the data from 
Apollo 12 lunar soil samples in Figure (8-4). The Apollo 12 data are for 

3 

sample 12001/9 having a density of 1.3 gr/cm as determined by Cremers 
and Birkebak [105]. The depth at which this density most probably 
would occur was calculated to be 1.02 cm. This depth was based on the 
average value for the depth obtained using Equation (8-22) and (8-23). 

The data for Apollo 11 are shown in Figure (8-5) with the results of 

3 

Equation (8-21). The Apollo 11 sample had a density of 1.265 gr/cm 
as determined by Cremers et al . [127] and this density corresponds 
to a lunar soil depth of .96 cm. The model is seen to give satis- 
factory results. 

A critical evaluation of the model requires considerable 
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FIGURE 8-4. THERMAL CONDUCTIVITY OF APPOLO 12 FINES 
COMPARED WITH THE THEORY AT A DENSITY OF 
1.3 GR/CM. 
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FIGURE 8-5. THERMAL CONDUCTIVITY OF APPOLO 11 FINES 
COMPARED WITH THE THEORY AT A DENSITY OF 
1. 265 GR/CM. 
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additional data. However the model can be examined from a number 
of viewpoints. Figures (8-6), (8-7), and (8-8) display thermal con- 
ductivity for lunar soils as a function of the variables. Figure (8-6) 
represents the behavior of the effective thermal conductivity at constant 
temperature as the depth and density increase. As one expects as the 
depth increases the contact area between particles increases due to 
the increase in the loading and consequently smaller thermal contact 
resistance results and in turn thermal conductivity increases. For 
fixed temperature, the effective thermal conductivity is plotted 
against the density for various depths in Figure (8-7). For high values 
of z and the density, the effective loading increases and in turn 
increases the effective conductivity of the soil. Figure (8-7) shows 
the thermal conductivity as a function of the temperature with the 
density as a parameter. As one notices from Equation (8-21) the de- 
pendance on the temperature is a consequence of radiation effects, 
which result in higher values of conductivity at high values of tem- 
perature. As seen from Figure (8-8) curves of different densities cross 
each other at different temperature. This is explained by the fact 
that the radiation in a system of small density (high porosity) 
is more effective than for a system of high density. Also the model 
indicates that radiation is a strong function of the particle diameter 
which was indicated by Watson [128]. Additionally Equation (8-21) 
shows that the effective thermal conductivity is dependent on the 
gravitational constant, g. Accordingly a lunar sample will possess 
higher values of thermal conductivity under the gravitational in- 
fluence of earth, than it will under the lunar gravitational environ- 


ment. 
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FIGURE 8-6. LUNAR CONDUCTIVITY AS A FUNCTION OF DEPTH 
AT CONSTANT TEMPERATURE AND DENSITY. 
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FIGURE 8-7. LUNAR THERMAL CONDUCTIVITY AS A FUNCTION OF 
DENSITY AT CONSTANT TEMPERATURE OF 250 K. 
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FIGURE 8-8. LUNAR THERMAL CONDUCTIVITY AS A FUNCTION OF 
TEMPERATURE AT CONSTANT DEPTH AND DENSITY. 
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The theory assumed that the particles are arranged in a simple 
square lattice which results in two contact areas in the direction of 
the heat flow, however by knowing the nature of packing of the soil, 
a more realistic approximation of the number of contacts can be 
found. With a complete analysis of the forces between particles, a 
more accurate estimation of the contact area can be obtained. 



IX. GENERAL COMPARISON AND DISCUSSION 


Four models have been developed in this study, each utilizing 
different propositions. The parallel isotherms model, the stochastic 
model, and the nodular model have been applied to a wide range of 
granular materials at pressures ranging from atmospheric to vacuum. 

The lunar model has been developed and applied specifically to granular 
materials at a simulated lunar environment and to lunar fines. Each 
of these models will now be evaluated with respect to the assumptions 
introduced in its development and with respect to the discrepancy 
between experimental and predicted thermal conductivities. 

A careful review of the previously published correlations showed 
that the discrepancy between the analytical model and the physical 
granular system could be attributed to one of the following causes: 

1. Failure to account for solid to solid contact; 

2. Failure to utilize a realistic distribution of the two phases; 

3. Failure to utilize realistic heat flow assumptions. 

It is thus expected that for any new model to constitute an imorovement 
over existing ones, these causes of failure should be eliminated. 
Consequently, the models presented on this study will be discussed on 
this basis. 
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The parallel isotherms model has utilized results of the packing 
theory to the problem of heat transfer in granular materials so that 
an accurate distribution of the two phases may be obtained. The des- 
cription of heterogeneous materials as random mixtures of the two 
phases has been verified experimentally [5, 51], and has been applied 
by Tsao [8] to the problem of heat transfer. Two statistical parameters 
are introduced in the final expression for the effective conductivity, 
namely the mode, y, and the standard deviations, of the one dimensional 
porosity. The mode y is set equal to the bulk solid fraction on the 
basis of physical arguments. In order to determine a, the experimental 
data on the effective conductivity available from the literature have 
been used, and have been curve fitted to obtain a as a function of the 
bulk solid fraction. Consequently in this model a realistic material 
distribution, as outlined in the packing theory has been introduced. 

In addition, good agreement between calculated and experimental thermal 
conductivities indicates that the unrealistic heat flow assumption has 
been countered by the experimentally based selection of o. 

This model has been applied to granular materials at atmospheric 
pressures and to basalt fines in a simulated lunar environment. For 
the granular materials listed in Table 6-1 the average error, bias, and 
variance of the calculated values is 17.8%, -3.7% and 0.0236, respectively. 
For the data on basalt fines given by Fountain and West [3] the average 
error, bias and variance of the calculated values is 11.3%, -8.5% and 
0.0061 respectively, as indicated in Table 9-1. 
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Finally, it should be noted that for granular materials at 
atmospheric pressures the only data required by this model is the con- 
ductivities of the constituents, and the bulk porosity of the material. 

At reduced pressures, the average particle diameter, the gas pressure, 
the gas Prandtl number, the solid emissivity and the temperature are 
additional required data. 

The stochastic model utilizes essentially the same expressions for 
the distribution of the two phases in granular materials. Moreover, 
it is noted that the parallel isotherms and uniform heat flux assumptions 
are analogous to that of assuming zero and infinite resistances, res- 
pectively, normal to the direction of the bulk temperature gradient. 

It is then argued that since the transverse thermal conductivity of 
granular materials lies somewhere between the limits of zero and 
infinity, it follows that the true effective thermal conductivity of 
such materials can be represented as a weighted average of the con- 
ductivities calculated utilizing the parallel isotherms and uniform heat 
flux assumptions. 

The standard deviation a is still an unknown. However it has been 
demonstrated that as o increases, both limiting conductivities approach 
a constant value which depends on the constituent conductivities and 
the bulk solid fraction only. As a result three correlations have 
been developed relating calculated conductivities to experimental data. 
The first is expressed as a correction factor for nonparallel isotherms, 
the second as a correction factor for nonuniform heat flux, and the 
third is a weighting factor for the bounding equations. 
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Consequently, the stochastic model introduces (1) at least point 
contact between particles, (2) a realistic material distribution as 
outlined by packing theory and (3) it overcomes the previous unrealistic 
heat flow assumptions. The model has been applied to granular materials 
at atmospheric pressures and to basalt fines in a simulated lunar 
environment. The comparison between predicted and experimental thermal 
conductivity values is summarized in Table 9-1. The input data required 
for the calculation of the effective conductivities are exactly the 
same as the data required for the parallel isotherms model. 

In the nodular model developed in Chapter 7, the geometry of a 
unit cube of the heterogeneous mixture was characterized by the random 
distribution of the two phases. It was effectively assumed that no 
cubicle is more likely to be occupied by the solid phase than another. 
Further, it was noted that application of the three-dimensional Fourier 
conduction equation to each cubicle simply requires that the temperature 
of each cubicle remain constant. The cubicles were then lumped into 
nodes, connected with the neighboring nodes by resistances, the value 
of which depends on the conductivity of the neighboring nodes. Contact 
resistance was included in all cases, and radiant conductivity was 
included only for granular materials at reduced pressures. A heat balance 
equation was then written for each node, and this system of equations 
was solved by a successive overrelaxation technique, superimposing on 
it an iterative scheme, to determine the temperature of each node. 

Finally, the heat flow in each lamina perpendicular to the mean heat 
flow direction was determined, and the mean heat flow value in conjunction 
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with the Fourier-Biot law were used to find the effective thermal 
conductivity of the heterogeneous mixture. 

It is evident that in this manner all causes contributing to the 
failure of previously published models have been eliminated since this 
model introduces (1) solid to solid contact resistance, (2) realistic 
distribution of the two phases based on the packing theory and (3) realistic 
three-dimensional heat flow as defined by the Fourier equation for 
steady-state heat conduction. The model has been applied to granular 
materials for pressures ranging from atmospheric to vacuum, and the 
comparison between predicted and experimental thermal conductivity values 
are summarized in Table 9-1. In addition to the input data required 
by the previous models, knowledge of the depth, density of the solid 
phase. Young's modulus and Poisson's ratio of the solid particles is 
requi red. 

As is has already been mentioned, for granular materials "in 
vacuo" the modes of heat transfer are 

1. Conduction in the solid particles; 

2. Conduction at the contact areas between particles; 

3. Radiation between particle surfaces. 

The lunar model developed in Chapter 8 has synthesized these modes to 
yield the effective thermal conductivity. For the mathematical analysis 
of the model a regular array of spherical particles was assumed, and 
the calculation of the conduction in the solid particles was based on 
parallel isotherms. Further, the effect of depth on the effective thermal 
conductivity of granular materials was included both in the calculation 
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of the contact resistance, and through published expressions correlating 
the density of lunar fines to the depth from the surface of the moon. 
Thus, the final expressions include both the effect of lunar soil 
depth and the effect of temperature on the effective thermal conductivity 
of lunar fines. 

The lunar model has been applied to Apollo 11 and 12 lunar fines. 
Comparisons between predicted and experimental conductivity values are 
summarized in Table 9-1. 

Although the models presented in this study are applicable, and 
have been applied to granular materials over a wide range of environ- 
ments, there exists a number of limitations due to the assumptions 
introduced in the development of the models. The causes of these 
limitations will now be discussed. 

1. Phase distribution - The geometry of three of the models has 
been based on the assumption that irregular packed beds can be con- 
sidered as a random mixture of the two phases. It has been shown 
[49, 50, 51] that for granular materials in which the particle sizes 
are not much different, and in which the particles can be approximated 
by spheres, this is a valid assumption. That is, for such beds, 
the distribution of the local bed properties can be approximated by 
a normal distribution. For packed beds consisting of irregularly 
shaped particles no generalized conclusions have been reached in the 
literature concerning the distribution of the local properties. It 
has been shown, however, that the geometry of packed beds of irregularly 



shaped particles does not satisfy the randomness criteria when the 
particle size distribution is narrow [51]. It is therefore possible 
that the geometry of certain classes of granular materials is different 
than the assumed geometry. 

2. Particle size distribution - Calculations for the unit cube 
size, pore size, etc. have been based on a characteristic particle 
size. For packed beds in which the particle size distribution is 
narrow, it has been assumed by all models in this study that the 
characteristic particle size is equal to the mean volume diameter [66]. 
However, no set method exists in the literature for calculating the 
characteristic particle size for beds having a broad particle size 
distribution. Further, as indicated in Chapter 8 and in Appendix F 
the mean volume diameter is not a satisfactory description of the 
characteristic particle size for such beds. 

3- Particle shape - The geometrical parameters utilized in the 
development of the models such as pore size, coordination number, etc., 
and the equations for contact resistance have been based on equations 
given in the literature for randomly packed beds of equal sized spheres. 
It follows that none of the models presented in this study is applicable 
in the case of heterogeneous mixtures containing highly irregular 
shaped particles such as Rashing rings, Berl saddles, etc. 

Solid-liquid heterogeneous mixtures at high temperatures - The 
equations for the radiant conductivity used by all models have been 
based on the assumption that the medium in the voids is transparent. 
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Consequently, when the continuous phase in the voids is a liquid 
these equations are not valid, and radiant conductivity cannot be 
taken into account. 

5. Convection - As indicated in the Introduction, convection 

heat transfer in the voids has been neglected. Consequently, the models 
of this study are only applicable on stagnant packed beds. 

6. Anisotropy - In all models of this study, granular materials 
have been treated as equivalent homogeneous and isotropic single 
phases, so that no change in the thermal conductivity with direction 
is predicted. The assumption of random mixtures of the two phases 
justifies this treatment. It appears that for such systems, the only 
factor contributing to the variation of the thermal conductivity with 
direction is the pressure tensor, and consequently the different values 
of the contact resistance in the vertical and horizontal directions. 

This case has not been examined in this study. 

7. Hall effects - As indicated in [49] and [120] both the local 
property variation, and the thermal conductivity of heterogeneous 
mixtures change at short distances from the walls of the container. 
Again, this case has not been examined in this study. 

It can be seen that all limitations are basically due to two 
factors: (1) Insufficient knowledge of the geometric configuration 
of packed beds and (2) insufficient knowledge of the parameters 
associated with radiation heat transfer in packed beds. All assumptions 
introduced in the development of the models is an attempt to circumvent 
these difficulties in such a manner that the models constitute a 
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realistic approximation to the actual physical phenomena. 

A comparison between Tables 9-1 and 9-II indicates that for granular 
materials at atmospheric pressures the models presented in this study 
are generally more accurate than previously published models. This 
is probably due to the attempt undertaken in this study to combine a 
realistic geometry with realistic heat flow. It is also a strong 
indication that the flexible random phase distribution constitutes a 
better approximation to the actual geometry of granular systems than 
the fixed arrangement of spherical or near spherical particles utilized 
by previously published models. 

Table 9-1 also indicates that for granular materials at reduced 
interstitial gas pressure, thermal conductivities predicted by the 
models of this study are generally low. The sources of error are as 
follows : 

1. Exclusion of pure radiation heat transfer at very low pressures; 

2. Low calculated values for the contact resistance; 

3. Deviation of the actual distribution of the two phases from 
the assumed random phase distribution. 

As indicated in Appendix B, lack of experimental data on the 
extinction coefficient of granular materials prohibits an exact analysis 
of the radiation heat transfer process. As a result, only radiation 
heat transfer between particle surfaces has been included in the models. 

As indicated in [84, 85] this is a sufficiently accurate approximation 
when the solid particles are opaque to thermal radiation, but results 
in low calculated values for packed beds of particles having small 
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diameters. Consequently, since at very low pressures radiation' is 
a dominant mode of heat transfer, exclusion of pure radiation heat 
transfer results in low calculated values for the effective thermal 
conductivity of packed beds. 

For all models, the calculated thermal conductivities at low 
pressures and low temperatures are consistantly lower than the experi- 
mentally determined thermal conductivities. Since under these conditions 
the dominant mode of heat transfer is through contact areas between 
particles, the only explanation for this behavior is that the calculated 
values for the contact conductances are low. It should be noted that low 
calculated contact conductances influence the effective thermal conduc- 
tivity only at low pressures and temperatures. At higher pressures and 
temperatures, and in particular at atmospheric pressures, the calculated 
effective thermal conductivity is relatively insensitive to the contact 
conductance. 

Finally, it is noted that although at reduced pressures the calcu- 
lated effective thermal conductivities are generally low, the slope of 
the calculated thermal conductivity versus pressure curves is in very 
good agreement with experimental data. Since for a major portion of these 
curves the only variable is the thermal conductivity of the interstitial 
gas, it can be concluded that Kennard's Equation (A-l) combined with the 
experimentally determined effective pore size given by Equation (D-6) 
yield accurate results for the variation of the gas conductivity with 
pressure. Consequently, as indicated in Appendix D, the conduction 
effective pore size is much smaller than the geometric pore size. 



TABLE 9-1 


AVERAGE ERROR, AVERAGE BIAS AND ERROR VARIANCE 
BETWEEN PREDICTED AND EXPERIMENTAL THERMAL 
CONDUCTIVITY VALUES FOR ALL MODELS OF THIS STUDY 




Average 

Average 

Error 



Error 

Bias 

Variance 



% 

% 


1. Parallel Isotherms Model 




a. 

Granular Materials at 
Atmospheric Pressures 
(Table 6-1) 

17.8 

-3.7 

0.0236 

b. 

Simulated Lunar Data 

11.3 

-8.5 

0.0061 

2. Stochastic Model 




i . 

Equation (6-16) 
a. Granular Materials at 





Atmospheric Pressures 
(Table 6-1) 

30.1 

25.3 

0.0707 


b. Simulated Lunar Data 

24.8 

-22.1 

0.0131 

i i . 

Equation (6-17) 
a. Granular Materials at 





Atmospheric Pressures 
(Table 6-1) 

27.7 

20.9 

0.0558 


b. Simulated Lunar Data 

25.8 

-23.4 

0.0260 

i i i . 

Equation (6-18) 
a. Granular Materials at 





Atmospheric Pressures 
(Table 6-1) 

32.3 

23.1 

0.0956 


b. Simulated Lunar Data 

41.8 

-17.2 

0.0333 

3. Nodular Model 




a. 

Granular Materials at 
Atmospheric Pressures 
(Table 7-1) 

15.8 

-5.8 

0.0163 

b. 

Granular Materials at 
Reduced Pressures 

18.5 

-5.1 

0.0157 

c. 

Simulated Lunar Data 

15.9 

-15.9 

0.0870 

d. 

Simulated Martian Data 

20.8 

-20.8 

0.0210 
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TABLE 9-1. Continued 
4. Lunar Model 

a. Apollo 11 Lunar Fines 13.7 -6.8 0.0044 

b. Apollo 12 Lunar Fines 12.8 5.1 0.0090 



TABLE 9- 1 1 


AVERAGE ERROR, AVERAGE BIAS AND ERROR VARIANCE BETWEEN 
PREDICTED AND EXPERIMENTAL THERMAL CONDUCTIVITY VALUES 



FOR GRANULAR MATERIALS 

AT ATMOSPHERIC 

PRESSURE 

(TABLE 6-1) 



Average 

Average 

Error 



Error 

% 

Bias 

Variance 

Flux Law Models 

/o 


1 . 

Maxwell 

40.2 

-37.9 

0.0606 

2. 

Lord Rayleigh 

33.7 

-24.8 

0.0594 

3. 

Meredith and Tobias 

34.4 

-18.7 

0.0416 

4. 

Bruggeman 

32.9 

23.8 

0.1540 

5. 

Modular Model 
(this study) 

15.8 

-5.8 

0.0163 

Uniform Heat Flux Models 




1 . 

son Frey 

45.1 

-43.8 

0.0599 

2. 

Woodside and Messmer 

34.8 

20.9 

0.0992 

3. 

Kanager 

18.9 

-6.7 

0.0286 

4. 

Gorring and Churchill 

20.0 

-10.7 

0.0192 

5. 

Willhite, Kunii & Smith 17.8 

-3.6 

0.0268 

6. 

Schumann and Voss 

25.8 

-21.1 

0.0260 

7. 

Preston 

30.5 

26.6 

0.0875 

8. 

Wilhelm et al 

19.7 

-2.1 

0.0373 

9. 

Krupiczka 

21.2 

13.2 

0.0693 

10. 

Equation (6-16) 

30.1 

25.3 

0.0707 

11. 

(this study) 
Bernstein 

686.1 

677.9 

85.05 

Parallel Isotherm Models 




1 . 

Russel 1 

35.0 

-30.3 

0.0566 

n 
/_ . 

Moods ids 

670.4 

670.3 

55.16 

q 

Equation (5-2) 
(this stud'/) 
Ecuation (6-17) 

17 8 

-3.7 

0.0236 


(this study) 

27.7 

20.9 

0.0558 
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TABLE 9-1 I. Continued 
0. Weighted Ohm's Law Models 


1 . 

Lichtenecker 3-D 

701.2 

701.1 

48.70 

2. 

Lichtenecker 2-D 

195.0 

194.5 

2.98 

3. 

Equation (6-18) 
(this study) 

32.3 

23.1 

0.0956 



X. CONCLUSIONS AND RECOMMENDATIONS 


The problem of predicting the effective thermal conductivity of 
heterogeneous mixtures has received the attention of numerous inves- 
tigators over the past sixty years. Unfortunately, the complexity of 
the mechanisms contributing toward heat flow is such that no truly 
satisfactory model has been obtained. The continued proliferation of 
alternate models attests to these difficulties. The scope of this 
study has been to utilize all available information on the subject and 
extend the analytical techniques of predicting the variable thermal 
conductivity of heterogeneous mixtures over as wide a range o,f environ- 
ments as possible. 

Initially a study was made of the published models with respect 
to the geometry and heat flow assumptions utilized by each one. Further, 
a number of published equations for the effective thermal conductivity 
were applied to a large group of granular materials, and the results 
were evaluated in relation to the geometry and heat flow assumptions 
utilized in the development of each equation. The results of this 
analysis can be summarized in that the sources of error in the predicted 
thermal conductivities can be attributed to one or more of the 
following causes: 
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1. Failure to account for solid to solid contact; 

2. Failure to utilize a realistic distribution of the two 
phases; 

3. Failure to utilize realistic heat flow assumptions. 

It was therefore concluded that for any new model to constitute an 
improvement over existing ones, these causes of failure should be 
eliminated. 

Since the possibility of assuming that the heat flow process 
in granular materials is approximately linear simplifies considerably 
the problem of heat transfer, this possibility was examined separately 
for random heterogeneous mixtures having a realistic phase distri- 
bution. The analysis presented in Chapter 4 resulted in the conclu- 
sion that a parallel isotherms assumption yields too high values for 
the effective thermal conductivity whereas a uniform heat flux 
assumption yields values that are too low. Also, the error in the 
predicted thermal conductivity increases rapidly with the ratio of the 
constituent conductivities. Consequently, either no assumption should 
be made regarding the flow of heat in granular materials, or weighting 
factors should be associated with the linear heat flow assumptions. 

Four models have been developed in this study, each utilizing 
different approximations regarding the geometry and the flow of heat 
in granular materials. In the development of the models the most 
recent results of the packing theory have been used regarding the 
distribution of the phases, effective pore size, coordination number 
etc. The resulting equations enable one to calculate the effective 
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thermal conductivity as a function of interstitial gas pressure, 
temperature and loading conditions. These models have been success- 
fully applied to large groups of granular materials and the results 
are summarized in Table 9-1. Comparison between Tables 9-1 and 
6-VII indicates that these models constitute a considerable improve- 
ment over previously published models. The error in the effective 
thermal conductivity values predicted by the equations developed in 
this study can be attributed to the following causes: 

1. Exclusion of pure radiation heat transfer at very low pressures 

2. Low calculated values for the contact resistance; 

3. Deviation of the actual distribution of the two phases from 
the assumed random phase distribution; 

4. Uncertainty regarding the mean particle size in cases of 
granular materials having broad particle size range. 

The reason it is not possible to eliminate these sources of error 

at this time is lack of experimental evidence. However, once more 

accurate expressions are found, they can be readily incorporated in 

the models. In spite of the above mentioned limitations to the 

accuracy of the models, it is now possible to predict the effective 

thermal conductivity of granular materials over a wide range of 

environments with a high degree of confidence, as attested by the 

successful application of the models to large groups of heterogeneous 

mixtures. It is evident from the discussion of the previously published 

models, and from the models presented in this study that the most 

serious drawbacks in the analysis of the thermal conductivity of 

heterogeneous mixtures are (a) a sufficiently accurate description 
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of the geometry of granular materials and (b) the radiation heat 
transfer process. Since the effective thermal conductivity of granular 
systems is very sensitive to the conductivity of the gaseous phase, it 
is expected that knowledge of the mean void volume and void volume 
distribution should provide accurate calculated thermal conductivi- 
ties. Towards this end, an analysis is presented in Figure 10-1. 

This analysis is based on a unit cube of a heterogeneous mixture, and 
is similar to the analysis of the nodular model. 

The geometry of a representative unit cube can be defined from 
the sectioned void area distribution and the void volume distribution. 
The mean sectioned void area and the sectioned void area distribution 
are required to determine the distribution of the two phases on the 
six faces of the unit cube. The mean void volume and void volume 
distribution are required so that the number of voids in the unit 
cube can be calculated and distributed in such a manner that the 
porosity of the unit cube is equal to the bulk porosity of the 
granular material. The size of the unit cube will be determined from 
the particle size distribution. As a result, each cubicle in the unit 
cube will be occupied either by the continuous or the discontinuous 
phase. 

The next step is to define the resistance between nodes. This 
can be done first in terms of the conductivity of the two phases. 

Then, to account for contact resistance between particles, a number 
of resistances equal to the contact resistance replaces an equal number 
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of already determined resistances between solid cubicles. These 
resistances are randomly distributed and oriented, and their number 
is given by the unit cube size and the coordination number. It is 
important to note at this point that the geometric parameters such 
as coordination number, etc. published in the literature have been 
determined for packed beds constructed of equally sized particles. 
Consequently a mean particle size must be determined from the particle 
size distribution of the granular material in question. However, as 
indicated in Appendix F, no such procedure has been found up to now 
for packed beds containing broad particle size distribution. 

Once the geometry of the unit cube and the resistance between 
nodes have thus been defined, it is possible to determine the tempera- 
ture distribution in a manner similar to the nodular model. Then, 
the conduction heat flux in the mean heat flow direction can be 
determined from the summation of individual heat fluxes between cubicles. 

As indicated in the Introduction, the concept of an effective 
thermal conductivity consistent with the Fourier-Biot Law necessitates 
that the granular materials be considered as pseudo-homogeneous systems, 
in which case the volume of the granular material is assumed large 
with respect to the volume of individual grains. For such granular 
systems the photon mean free path is expected to be small compared 
to a linear dimension of the system, and consequently only thermal 
radiation in the optically thick limit need to be considered. In this 
case, according to the analysis presented in Appendix B, first the 
conduction heat transfer and radiation heat transfer processes can be 
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separated, and second the radiative heat flux can be related to the 
effective extinction coefficient by a simple equation. Finally, the 
total heat flux in granular materials is the sum of the conduction 
heat flux and radiation heat flux, and the effective thermal conduc- 
tivity of the system can be determined from the Fourier-Biot Law. 

An approximate method, similar to the one described in Figure 
10-1, is presented in Figure 10-2. The only difference between the 
two methods is the inclusion of the radiation heat transfer process. 

That is, recognizing that the determination of the extinction coeffi- 
cient of granular materials is an extensive and difficult task, in 
the method of Figure 10-2 only radiation heat transfer between particle 
surfaces and radiation heat transfer in solid particles are considered. 

Summarizing, it has been shown that any future attempt to develop 
more refined models for the calculation of the effective thermal con- 
ductivity of granular materials should be based on a realistic 
approximation of the geometry and radiation heat transfer. In parti- 
cular, it is suggested that the following experimental program be 
undertaken. 

1. Determination of the void volume distribution and the sectioned 
void area distribution in terms of the particle size distribution, par- 
ticle shape and porosity. The work of Debbas and Rumpf [51] is a 
step in the right direction, but the number of cases examined is not 
sufficient to justify any generalized conclusions. It is therefore 
suggested that experimental work, similar to the one described in 
Reference [51] be undertaken and extended to granular systems composed 
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of equal sized particles, narrow particle size distribution and 
broad particle size distribution. 

2. Experimental work to determine the extinction coefficient of 
specific granular systems similar to the one described by Bastin 

et al [85], or experimental work to determine the radiation heat 
transfer in solid particles of various sizes similar to the one des- 
cribed by Merrill [118]. 

3. It is evident from Figure E-l that the range of porosities 
for which the coordination number of spherical particles has been 
experimentally determined is too narrow to justify any of the correla- 
tions suggested in the literature. Consequently, further experimental 
work is required for the determination of the coordination number 
over a wider range of porosities. Also the coordination number of 
irregularly shaped particles should be determined and compared to 
that of spheres, so that more accurate expressions can be found for 
the number and distribution of contact areas in granular materials. 

Experimental work on the areas mentioned above is not only 
essential for the analysis of the thermal conductivity of stagnant 
packed beds, but will also be a tremendous contribution to analytical 
work on fluid flow through packed beds and heat transfer in packed 
beds with fluid flow. 

A problem that has been identified in this study is the selection 
of a mean particle diameter for packed beds consisting of a broad 
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particle size distribution. As indicated in Chapter 8 and Appendix F, 
the solution of this problem is solely based on experimental evidence. 
However, due to this problem, the majority of the models of this study 
have been applied to random packings of equal size spheres, and to 
granular materials composed of narrow particle distribution only. 

Finally, it should be noted that no anisotropy of thermal con- 
ductivity has been considered in this study. However, it is possible 
to include the variation of the thermal conductivity in granular 
materials in the horizontal and vertical directions by considering 
the change of the contact pressure between particles in the horizontal 
and vertical directions. As indicated in Reference [86] the pressure 
tensor in a granular material can be written as 

Pi. ■ p 0 \ + pi z i z j (1(M) 

J J 

where p Q , p-j are constants and z. are the components of a unit 
vector in the direction of the applied load. It follows that the 
pressure in the direction of the applied load is 

p v ■ p 0 + p i (10 ' 2) 

while in the horizontal direction it is 


V ’ w / 
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When the granular material is loaded under its own weight 


P 


V 



p(z) dz 


(10-4) 


Assuming that the expansion of the granular material is constrained 
in the horizontal direction it follows that 



(10-5) 


Combination of Equations (10-2) through (10-5) determines p v and 
P n in terms of density and depth. Then, p v can be used in the deter- 
mination of the contact resistance in the direction of the applied 
load and p n in the determination of the contact resistance in the 
horizontal direction. As a result, the temperature distribution and 
consequently the effective thermal conductivity will be different 
when tfie mean heat flow direction is the direction of the applied 
load and when the mean heat flow direction is the horizontal. 

It is evident that the variation of the thermal conductivity in 
the two directions will be significant only in the case of granular 
materials at low pressures because only in this case variation of the 
contact resistance will affect detectably the calculated effective 
thermal conductivity of the granular system. 
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FIGURE 10-1. FLOW CHART FOR THE CALCULATION OF THE EFFECTIVE THERMAL CONDUCTIVITY 
OF GRANULAR MATERIALS. 






FIGURE 10-2. FLOW CHART FOR AN APPROXIMATE CALCULATION OF THE EFFECTIVE 
CONDUCTIVITY OF GRANULAR MATERIALS. 
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APPENDIX A 


LOW PRESSURE EFFECTS 

Figure (A-l) shows a typical pressure dependence curve of the 
effective thermal conductivity of a gas-powder mixture. For higher 
pressures (10 atm or higher depending on the nature of the gas 
and the particle size [37]} a large rise in the effective conductivity 
is noted, due to convection. When the mean free path of the gas 
molecules approaches the characteristic length of the gas space, 
the effective conductivity becomes pressure dependent, as indicated 
by the portion between A and B of Figure (A-l). Further reduction 
of the pressure does not result in any appreciable changes 



Fig. A-l. Pressure Dependence of Effective Thermal Conductivity 
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in the effective conductivity, since at this region the dominant 

modes of heat transfer are conduction through the contact areas 

between particles and radiation. 

Thermal conduction in rarefied gases was first analyzed in 

the pioneer works of Smoluchowski and Knudsen, as indicated by 

Kennard [79]. Kennard's equation for the effective conductivity, 
* 

kg , of a gas between two parallel plates of the same material, 
separated by a relative small distance, D p , is: 


k 


* 

g 



(A-la) 


where g is the temperature jump distance at one of the plates, given 
by: 


* 2 -a 

9 " ~ 




(A-lb) 


where a is the thermal accommodation coefficient, y is the ratio 

of the specific heats of the gas, Pr is the Prandtl number and 

X is the mean free path of the gas molecules. Equation (A-l ) 

* 

indicates that decreases with respect to k g when x/D p increases. 

The principal difficulty in applying this equation lies in 
evaluating the thermal accommodation coefficient, a , and the 
effective pore length, D p . As indicated in [80], several attempts 
have been made to predict the accommodation coefficient analytically, 
but they have not proved particularly successful. Furthermore, the 



3Q6 


accommodation coefficient is strongly influenced by parameters 
describing the solid surface (i.e, smoothness, impurities, etc. 
not reported in experimental work on the conductivity of granular 
materials), and experimentally determined values of a are not 
available for solids other than pure metals and alloys [80]. For 
this reason, most investigators of the effective conductivity of 
heterogeneous mixtures have either set a = 1, effectively assuming 
that the solid surface is so irregular that most of the molecules 
struck it a number of times before escaping, or they have included 
a in an experimentally determined coefficient. 

Dulnev and Sigalova [76] and Luikov et al [34] have used 

Equation ( A- 1 ) in the same form given by Kennard. Deissler and 
Boegli [21] found from their experimental data on magnesium oxide 
in air that the pressure at which the effective conductivity begins 
to vary with pressure (breakaway pressure) is 15 psia at 340°F. 

From this they evaluated the Knudsen number (Kn = A/d), based on 
the mean particle size, to be 0.00072. Finally, arguing that Kn 
at the breakaway pressure must be independent of the gas, powder, 
temperature and pressure, they found from Equation (A-l) that the 
breakaway pressure in the English system of units is given by: 


P b = 1770 x 10' 24 


T 


s 2 d 


(A-2) 


where T is the temperature and s is the molecular diameter of the 
gas. Equation (A-2) seems to correlate their experimental data with 
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good accuracy. It is of particular importance that the value of 
the Knudsen number corresponding to the breakaway pressure is 
much less than unity, indicating that most of the heat transfer through 
a powder takes place in the immediate vicinity of the contact 
areas. Effectively ,. this means that the dimensions effective in 
transferring heat in the voids are much less than the effective 
geometric length of the void. 

Schotte [26] and Masamune and Smith [32] found expressions for 
D p in terms of the porosity of the system, based on geometric 
considerations. They then substituted the expressions in Equation (A-l). 

Woodside and Messmer [23] arguing that when the normal mean 
free path, x, of the gas molecules is much larger than a charac- 
teristic pore size, then the effective mean free path, X, must 
depend on x as well as on D p , have shown that: 


* P D 

9 ~ k g ' P D p + B 

where 


t rVT" s 2 


(A-3) 


is the Boltzman constant. Equation (A-3) predicts higher values 

* 

for kg than Equation (A-l) by a factor of roughly 2.5. It is 
interesting to note that also in this case the characteristic dimension 
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of the void space, with respect to heat conduction in the gas 
occupying this space, is amaller than the mean particle diameter by 
a factor of roughly 100. 

Summarizing, it is seen that almost all investigators, with 
the exception of [23], have used Kennard's equation to predict the 
effect of pressure on the conductivity of the gaseous phase. The 
principal difficulty in applying this equation lies in the determin- 
ation of the thermal accommodation coefficient and D p . The value 
of a is assumed by all investigators to be unity. The determination 
of Dp is postponed until a later section. In Figure (A-2) the dependence 
of the thermal conductivity of CC^ on pressure is indicated, 
according to Equations (A-l) and (A-3). 



PRESSURE (mmHg) 


FIGURE A~2. EFFECT OF PRESSURE ON THE THERMAL CONDUCTIVITY 





APPENDIX B 


RADIATION HEAT TRANSFER IN GRANULAR MATERIALS 

Thermal radiation is known to be a dominant mode of heat transfer 
in evacuated granular materials, or in powders at elevated temperatures. 
Consequently it is no wonder that it has received considerable attention 
in the literature. However, due to the scarcity of information about 
absorption and scattering of radiation in granular materials, only 
approximate methods have been developed for the inclusion of radiation 
as a mode of heat transfer in granular materials. 

According to Van der Held [83] the complete equation of Fourier, 
including radiant heat flux, is 

C p p “H " div(k e grad V +4 f n l 2 3 1 (J 1 ' ,T )d1dV o (B_1) 
c Jo 0 

where 4n-, 2 B-, I-, x dldV is the radiation emitted by a volume element 
’ o 

dV Q between the wavelengths 1 and 1 + dl , having an absorption 

coefficient at these wavelengths B A and a refractive index n-| . 

Similarly 4n-j 2 B-j J-| dl dV Q is the radiation absorbed by dV Q . 1^ j dl 

and J-j dl are the black body radiation and mean irradiance respectively 

of a plane surface between the wavelengths 1 and 1 + dl at dV Q . 

In Equation (8-1 ) k is the effective thermal conductivity of the 

e c 

medium due to conduction heat transfer only. 
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A second equation is required relating J-j and I.| y. This can 

be obtained by letting the mean irradiance of dV Q be the sum of the 

radiation emitted and scattered by all volume elements dV, and reaching 

dV , plus the irradiance of dV. from the bounding walls. According to 
o r o 

Van der Held [83], assuming diffuse radiation, this equation is 



(B-2) 


where o-j is the monochromatic scattering coefficient, e-j = B-| + 
is the monochromatic scattering coefficient, r is the distance between 
dV and dV or dS (surface element on bounding walls), e, is the 
monochromatic spectral emissivity of the walls, and y is the angle the 
distance between dV Q and dS makes with the normal on dS. 

Combination of Equations (B-l) and (B-2) together with the boundary 
conditions determines the solutions of the heat transfer problem in 
granular materials. Although this system of equations appears to be 
quite formidable, it should be noted that the equations are very general 
in nature. The complexity of these equations has been reduced con- 
siderably in a number of specific situations, and these situations will 
now be discussed. First, however, it should be noted that the integral 
term in Equation (B-l) represents the net radiation heat transfer to 

av , or if q is the radiant heat flux, the integral term is equal 
o r 

to -div Consequently, an alternate form of Equation (B-l) is 
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c p p -gf = div (k e grad T Q ) - div q f (B-3) 

Also, the total heat flux vector within the medium will consist of 
the sum of the conduction and radiation contributions, and consequently 
is given by 


q = - k grad T = q (B-4) 

c 

Assuming one-dimensional steady-state combined conduction and 
radiation for a medium bounded by two parallel surfaces. Equations 
(B-3) and (B-4) reduce to 

•2 t dq 

\ Z? = ^ (B ' 5) 

q = - k e ^ + q r = constant (B-6) 


where x is the distance normal to one surface. Further assuming that 
the absorption and scattering coefficients are both independent of the 
wavelength, and that the distance between the bounding surfaces is 
large compared to the photon mean free path (optically thick limit), 
it has been shown in detail by Sparrow and Cess [104, 117] that the 
radiation flux can be written as 


„ 16 % t3 di 

T 3e dx 


(B-7) 
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Combination of Equations (B-6) and (B-7) yields 


16c. r ht 

q = - (k + = constant 


It is seen that in this specific case the conduction and radiation 
processes can be separated, and the total heat flux is represented 
as the sum of heat transfer by pure conduction and heat transfer by 
pure radiation. Consequently the effective conductivity of the granular 
material is the sum of an effective conductivity due to pure conduction 
and a radiant conductivity which is related to the cube of the abso- 
lute temperature. Unfortunately, no experimental data have been 
reported on the extinction coefficient of granular materials and 
powders, and consequently Equation (B-8) cannot be applied due to 
lack of experimental information. However, the result that the effective 
conductivity can be represented as the sum of two terms, one being a 
constant and the second related to the cube of the absolute temperature, 
has been extensively used in the correlation of data on evaluated 
granular materials. 

Clegg et al [2] following a similar procedure assumed that 
scattering of radiation may be neglected, and using the Rosseland 
equation for the optically thick limit, they obtained the following 
equation for the radiant conductivity. 



(B-9) 
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where a(T) is the Rose! land mean absorption coefficient. 

Chen and Churchill [81] on the other hand represented the radiant 
intensity in packed beds by forward and backward fluxes, and derived 
the following expression for the radiant conductivity: 


k 


r 


*°b j3 
a + 2b 


(B-10) 


where a is the absorption volumetric coefficient and b is the back 
scattering volumetric coefficient. They also determined experimentally 
the values of a and b for borosilicate glass, aluminum oxide, carbon 
steel, and silicon carbide beds. 

Another approximation is to assume one-dimensional steady-state 
combined conduction and radiation for a medium bounded by two parallel 
diffuse surfaces, where the distance between the bounding surfaces is 
small compared to the photon mean free path (optically thin limit). 

In this case, it has been shown by both Van der Held [83] and Sparrow 
and Cess [117] that the radiation heat flux is 


(1/e-, ) + (l/e 2 ) - 1 


(8-11 ) 


where and are the absolute temperatures of the bounding surfaces, 
and e-| and e 2 are the emissivities of the bounding surfaces. If 
e, = e 2 and T, - T 2 = AT is small, one can write 


T l 4 ' T 2 4 = (T 1 2 + T 2 2) (T 1 + V (T 1 ' V “ 4x3 aT 
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Combination of Equations (B-6) and (B-ll) yields 


q = 



+ 


4 o b e T 3 dx 
2 - e 



(B-T2) 


Again it is seen that the conduction and radiation processes are 
separable. Further, this is the result for radiation transfer through 
a nonparticipating medium. 

Equation (B-12) has been used extensively by investigators that 
have utilized models based on regular geometric arrangements which 
permit an algebraic formulation of the heat transfer processes. 

Russell [43], Wesselink [1], Jacob [77] and Argo and Smith [75] assumed 
that with respect to radiation a mixture can be treated as alternating 
solid and gas layers perpendicular to the heat flow. In this case, 
the radiant conductivity of the gas phase is given by 


k 


r 


4 o. e D T 3 

_S E 

2 - e 


(B-13) 


Some investigators have assumed that Dp is equal to the particle 
diameter d. Others have set Dp = d/(l-P). 

Schotte [26] assumed spherical particles and considered that the 
radiation from a plane located on one side of a particle to a plane 
located on the far side of the particle consists of two parts. First, 
the radiation across the void space surrounding the particle. Second, 
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there is radiation from the particle surface in series with conduction 
through the particle. Combining these two modes, he derived the 
following equation for the radiant conductivity 


k 


r 




(B-14a) 


where k is the radiant conductivity between particle surfaces which 
r o 

Schotte expressed as 


k r = 4o b e d j3 (B-l 4b ) 

r o 

It should be noted that when k $ is much larger than k r , Equation 

o 

(B-l 4a ) reduces to 


k 


r 


4o b e d T 3 


(B-l 4c) 


Laubitz, on the other hand, assumed the granular material to be 
cubic obstacles randomly distributed in cubical volumes, and considering 
the probability that radiation will pass a cube without hitting an 
obstacle, he developed the following expression for the radiant con- 
ductivity 

k r = 4a b e d T 3 [1 - (1-P) 2/3 + (l-P) 4/3 ]/(l-P) 


(B-l 5 ) 
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It should be noted that in all the above developments for which 
specific geometric configurations have been considered, it has been 
assumed that the particles are opaque to thermal radiation. The 
validity of this assumption depends on both the material of the solid 
phase and the size of the particles compared to the wavelength of 
radiation. It has been shown by Merrill [118] that glass beads less 
than 100y in diameter cannot be assumed opaque to thermal radiation 
even at relatively low temperatures. For the case of transparent 
particles Merrill assumed that the radiant conductivity is equal to 
the conductivity of the photon gas transmitted through the particles 
given be 

" r ■ J C v x p (B-16) 

where C is the specific heat capacity of the photon gas, is the 
average velocity and X p is the photon mean free path. The energy 
density of a photon gas is given by 

V = i o b T 4 (B-17) 


Consequently 


r av 16 x 3 

c aT — °b T 


and 


16 _3 

K r = ~3 °b 1 A p 


(B-18) 
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It is easily seen that Equation (B-18) is the same as the radiative 
component of Equation (B-8), with the exception that for the develop- 
ment of Equation (B-8) the heterogeneous mixture has been assumed to 
be a pseudo-homogeneous material whereas in Equation (B-18) only the 
solid phase is considered. 

Rosseland [82] treated the radiation heat transfer as a diffusion 
of photons, and considering a random walk process, he obtained the 
following expression for the radiant conductivity 

k r = 1 °b d T 3 (B-T9) 


Troitsky [84] and Bastin et al [85] have suggested that the con- 
duction radiation in the voids and pure radiation processes should be 
considered acting in parallel, and consequently the effective radiant 
conductivity should be expressed as 


4c b P 


D_ e T" 


2 - e 


16 

3 


a(T) 


(B-20) 


Loeb [69] considered the case of the radiant conductivity of 
pores in consolidated porous media. Assuming that linear heat flow 
is not distrubed in the solid surrounding the pores, he derived the 
following expression for pores having perfect geometric shapes 

k r = 4y D p e c b T 3 


(B-21 ) 
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where y is a shape factor that depends on the geometry of the pore. 

Summarizing the equations for radiant conductivity, it is seen 
that they can be classified into three groups. 

1. Those assuming the heterogeneous mixture to be a 
pseudohomogeneous material; 

2. Those based on regular geometric arrangements that permit 
an algebraic formulation of the radiative heat transfer 
processes; 

3. Those based on random walk processes. 

Although the first class provides the best approximation to the in- 
teraction between pure conduction heat transfer and pure radiation heat 
transfer, lack of experimental work on the radiative properties of 
heterogeneous mixtures necessitates the application of the second 
class of equations. Moreover, the experimentally determined values of 
a and b by Chen and Churchill [81], indicate on one hand that both 
a and b depend on the type of bed, the solid material and the tempera- 
ture, and on the other hand that is is perhaps easier to determine the 
effective thermal conductivity of granular materials experimentally 
than to determine a and b. For these reasons, at this point it is 
only possible to include quantitatively the conduction-radiation pro- 
cess in the voids in models of heterogeneous mixtures, while the pure 
radiation process can only be discussed qualitatively. 

In Figure B-l the values of k r predicted by various models are 
plotted verous temperature. In Figure B-2 models of the second and 
third classifications are compared to Chen and Churchill's model for 
an aluminum oxide bed at high temperatures. 
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FIGURE B-2. COMPARATIVE VALUES OF Kr FOR AN ALUMINUM 
OXIDE BED. 





APPENDIX C 
CONTACT RESISTANCE 


In accordance with [34] the heat flow from one particle to another 
contracts in the neighborhood of the contact area between two 
particles. This contraction of the heat flow lines is amplified 
in the case of powders pnder vacuum or in the case of granular 
materials with a high ratio of constituent conductivities, in which 
cases the heat flow through contact areas is a major mode of heat 
transfer. The importance of the contact resistance in the flow of 
heat in granular materials can be illustrated by the fact that it 
offers the only explanation as to why the heat flow through perlite 
at high vacuum at boundary temperatures 76 - 20°K is greater than at 
temperatures 70 - 4°K, as indicated in [34]. 

The general procedure followed in the literature is to express 
the action of the contact areas as a resistance to the heat flow 
acting between the particle temperatures. Evidently, the heat flow 
through the contact points depends on the contact area between 
particles. The expression used by almost all investigators for the 
radius of this area is Hertz's relation: 
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where d, v and E are the diameter, Poisson's ratio and elastic 
constant respectively of the solid particles, and is the force 
acting on the contact area. In the case of packed beds in which 
pressures between particles are due to the layers above the layer 
under consideration, an expression has been derived for the pressure 
tensor in [86], the corrected form of which is: 



(C-2) 


Multiplication of Equation (C-2) with the unit normal vector to the 
contact area gives the average pressure. 

As indicated in [87] contact resistance in general depends on 
the following parameters: apparent contact pressure, solid thermal 

conductivities, surface roughness, surface waviness, interstitial 
fluid thermal conductivity, solid hardness, solid modulus of elasticity 
and mean contact temperature level. However, due to the complexity 
at which these parameters interact, and the difficulty to express 
a number of these parameters analytically, the procedure taken by 
many investigators is to examine the contact resistance in the case 
of smooth spheres, and correlate the derived expressions by experi- 
mentally determined coefficients. 
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Carslaw and Jaeger [88] examined the thermal resistance of a 
circular contact area on a semi-infinite body, and found it to be: 

Rl^l/4r c k s (C 3) 

under the condition of constant temperature on the area having 
radius r , and: 

R ! = a / 3 ^ r c k s (C— 4) 

under the condition of constant heat flux at the area. The values 
of and R R differ by 8 percent. 

Kanager [73], considered the case of a smooth sphere, thermally 
insulated everywhere except at two diametrical ly opposite contact 
areas. He solved Laplace's equation for this problem, and under 
the assumption that the temperature of the contact area is equal to 
the arithetic mean of the temperatures at the center and at the 
periphery, he found an expression for the equivalent thermal resis- 
tance of the sphere, R . Then comparing the ratio R /2 R^, he 
found that it increases almost linearly from 1 to 1.05 for values of 
r c /r from o to 0.1, where r is the radius of the sphere. His 
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conclusion was that Equations (C-3) and (C-4) provide a sufficiently 
accurate approximation for the contact resistance. 

Luikov [34] states that in addition to the contraction of the 
heat flow lines, the effect of the microroughness of real particles 
should be included in the estimation of the contact resistance, 
together with the effect of any oxidizing film covering the particles. 
Thus, the contact resistance of granular systems can be represented 
as the sum of three components: 


R = R, + R + 
c L o 


sp 


(C-5) 


where R^ is twice the expression given in Equation (C-3), R q is the 

resistance due to any oxidizing film, and R is given by: 

P 



h r k k 
* -c 2 k s 


(C-6). 


where ly and are experimentally determined coefficients depending 
on the height of the microroughnesses and on the thermal con- 
ductivity of the micrographs respectively, Luikov lists the re- 
commended values for ly and k^ for a number of granular material 
classes. Finally, he indicates that the thermal conductivity at the 
contact areas can be represented by: 



K c d 


(C-7) 
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In the case of granular materials under externally applied 
loads, and in cases when particle deformations cannot be assumed 
elastic, the contact resistance is given in terms of the applied 
load, the porosity and the solid conductivity by experimentally 
derived correlations [34, 61, 89]. Wilhelm et al [37], have de- 
velpped the following empirical equation for the effect of contact 
areas: 


log 10 (k cr x 1q5) = °* 859 + 3 ' 12 (p 1 ) 


(C-8) 


where k cr and k $ are in cal/cm sec. °C. In general the values 
predicted by Equation (C-8) are much higher than those predicted 
by Equation (C-7). 



APPENDIX D 
EFFECTIVE PORE SIZE 
* 

The equation for k^ and have been expressed in terms of 

an effective distance between particle surfaces D o , called the 

★ 

effective pore size. In the case of k^ , this is the mean distance 
gas molecules travel from the surface of one particle to that of 
another, when the molecular mean free path is large. It follows 
that this parameter is significant both for the geometric charac- 
terization of the granular material, as well as for the heat transfer 
process . 

The initial investigations on the characteristics of packings 
were concerned with systematic arrangements of spheres [66]. 

By this method, in order to determine the effective pore size for 
a range of porosities, it was assumed that the spacing of spheres 
in rhombohedral array is increased by assuming a halo of thick- 
ness & around each sphere, and & is adjusted to the observed 

I 

porosity. Dul nev et al [61] considered this case, and found that 
the effective pore size is given by: 

D p = 4.2 d (A - 2/3) (D-l ) 

where: A = [0.74/(l-P)] 1/3 
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Haughey and Beveridge [5] investigated both analytically and 
experimentally the case of randomly packed beds of equal -sized 
spheres for loose packed (P = 0.3812 - 0.4), poured packed 
(P = 0.364) and close packed (P = 0.3587) beds. Then, they generalized 
their results for a wide range of porosities. The reported ex- 
pressions for the mean void hydraulic diameter and for the mean 
void equivalent hole volume are respectively as follows: 

(D p ) h = | d P/(l-P) (D-2) 

v h " f ^ P/O-P) '(D-3) 

Debbas and Rumpf [51] studied the randomness of beds packed with 
spheres or irregular shaped particles by means of a statistical 
approach. Their results are similar to those of Haughey and 
Beveridge, however the range of porosities examined is not wide 
enough to allow extrapolation to a wider range of porosities. 
Nevertheless, an important conclusion that can be reached by the 
results of both papers is that the local mean voidage is normally 
distributed, and that beds packed with spheres or irregular 
particles are in general subject to a statistical analysis. Effective- 
ly, it has been shown that in such beds all particles of the same 
size and shape have the same probability to occupy each unit volume 
of the mixture. The approach taken by Debbas and Rumpf appears to 
be very promising with respect to the geometric characterization of 



329 


granular materials, but the limited number of experimental data 
prohibits any generalized conclusions. 

The equations presented up to this point have been obtained 
from geometric considerations. However, as indicated in a previous 
section, for powders under reduced pressures, most of the heat 
transfer through the voids takes place in the vicinity of the 
contact areas. This means that the dimensions effective in con- 
ducting heat through the voids are much less than the effective 
geometric length of the void. To account for this phenomenon, 
Masamune and Smith [32] considered the volume occupied by pendular 
rings around the contact points between particles, and derived the 
following expression for the conduction effective pore size: 


< D p) c 55 n d [{sec e - l) 2 (1 - - e) tan e)] 


(D-4) 


n - £ OO _ C Cl P ~ 0.260 
6.93 - 5.51 0.476 - 0.260 


o = 


cos" 1 (1 - ~ ) 


Dul'nev et al [61] have reported the following equation for 
(Dp ) c based on the kinetic theory of gases: 


/n \ -a 1.14 P - 0.14 

( Vc d TDrr-p} 


(D-S) 
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Another approach is to correlate the experimentally determined 
values for the breakaway pressure to Equation (A-l). Effectively, 
the pressure at which the effective thermal conductivity of a gran- 
ular material is reduced by 5 percent was determined from a number 
of experimental data in the region A of Figure A-l. Subsequently, 
the value of k g /k g required to attain this decrease in k g was cal- 
culated, and from Equation (A-l) the corresponding value of (D ) 

P c 

was determined. The experimental data were taken from References 
[21, 32, 58, 59, 61, 62, 63]. The least squares fit of (D ) c /d as 
a function of P is: 

„ 0-2177 P - 0.051 (D _ 6) 

d r^p v 01 


for 


0.3 < P < 0.7 


The values of D p /d predicted by the equations discussed in 
this section are plotted in Figure D-l as a function of P. 



pore 
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POROSITY (P) 


FIGURE D-l. EQUIVALENT PORE SIZE OF GRANULAR MATERIALS. 


APPENDIX E 


COORDINATION NUMBER 


It is evident that the heat flux through contact areas depends 
on the number of contacts each particle has with its neighbors, or 
the coordination number n [5], This number is known for regular 
packings of spheres and is 6 for cubic packing ( P = 0.476), 8 for 
orthorhombic packing { P = 0.3954), 10 for tetragonal -sphenoidal 
packing ( P = 0.3019), and 12 for rhombohedral packing ( P = 0.2595). 
In addition to these fixed values, extensive experimental work has 
been done [49, 90, 91, 92] to find the coordination number for 
random packed beds of spheres, as indicated in Figure E-l . However, 
almost all of the experimental work has been carried out for loose 
random and close random beds, and consequently in order to find 
a relation between n and P extrapolation beyond the experimental 
data is required. 

Dul'nev et al [61] have proposed the following equation: 


n = 11.6 ( 1 - P ) (E-l) 

represented by curve 5 in Figure E-l. However it is seen that the 
predicted values of n are too high at large porosities. 

Willhite et al [31] used the results of Smith et al [90] and 
proposed the following equation: 


n = 6 


5.01 - 8.42 P 
1.91 - 1.91 P 


(E-2) 
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However, as noted in [49], this equation is in good agreement with 
the experimental results of Smith et al , but not with recent 
experimental data. 

Kunii and Smith [30] considered the packed bed to be composed 
of spheres in the most open packed state and in the closest packed 
state, and taking into account the frequency and orientation of each 
cell, they derived the following semi -empirical relationship for the 
coordination number: 


n - 13.86 - 51.0 (P - 0.26) (E . 3) 

This equation is represented by curve 2 in Figure E-l , and it is seen 
that it overpredicts n for low values of P. 

Haughey and Beveridge [5, 49] examined the distribution of the 
number of sphere centers found in spherical shells at varying distances 
from a given sphere, and for a random bed of spheres they developed 
the following expression for the coordination number: 


n = 22.47 - 39.39 P (E-4) 

This equation is represented by curve 3 in Figure E-l, and it is 
seen that it provides the best fit to experimental data. 

It should be noted that all equations and experimental data 
presented in Figure 8 are based on randomly or regularly packed 
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beds of spheres. However, all heat transfer models, in which contact 
resistance has been included, have utilized one of these equations 
for the coordination number. In this study Equation (E-4) has been 
used, with the reservation that although its application has been 
extended to mixtures of non-uniform particles, no better expression 
has been found for real physical systems. 
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APPENDIX F 
PACKING THEORY 

One of the most significant complications in the development of 
a model that predicts reasonably well the effective thermal conductivity 
of heterogeneous materials is the construction of the geometry of such 
a model. This complication arises from the large number of parameters 
associated with the structural properties of packed beds, as indicated 
in an excellent review of the subject by Haughey and Beveridge [49]. 

In general, the structural properties of packed beds are charac- 
terized either by a single representative dimension, or through a 
distribution described by mean, variance, skewness, etc. In this study 
the first approach has been utilized. Moreover, the equations presented 
for the effective pore size and coordination number are based on 
random packings of equal sized spheres. This approach has been 
necessitated by the fact that most experimental and statistical work 
in the literature is referred to this type of packings. Even for this 
simplified case, it can be seen from Figures D-l and E-l that the effec- 
tive pore size and coordination number suggested by various investigators 
differ greatly. 

Most practical applications involve a particle size variation 
between 2 and 100 fold. The mixing of smaller particles into a bed 
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of larger particles produces two opposing effects. On one hand, the 
smaller particles tend to increase the voidage by forcing the larger 
particles apart thus increasing the size of voids between particles, 
on the other hand the smaller particles tend to decrease the voidage 
by filling the voids between larger particles. The characteristics 
of such packed beds do not depend only on the particle shape, and size 
ratio but also on the amount of each size fraction present. Conse- 
quently, from the same particle size distributions, packed beds having 
a wide range of voidages can be obtained. As indicated in [49, 50, 

51, 66] very little information exists about the characteristics of 
packed beds involving large particle size variations. Consequently, 
a great degree of ambiguity exists whether a volume mean particle size 
together with the associated effective pore size calculated from the 
expressions given in Appendix D provide a sufficiently accurate des- 
cription of the packed bed. This is especially important in the case 
of evacuated powders, in which case both particle size and effective 
pore size are primary parameters in the calculation of the effective 
thermal conductivity. In particular, for lunar fines the particle 
size range is from 0.1 ym to approximately 800ym [119], with most of 
the particles in the lower size range, and the porosity is assumed to 
be approximately 0.5. At present, the selection of a particular mean 
volumetric particle size for the calculation of the effective conductivity 
is highly speaclative, since no experimental data exist on the local 
voidage variation for similar packings to compare calculated values. 
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Evidently, description of packed beds utilizing the local property 
variations provides a much better approximation to the geometry than 
characterization of the beds by a single representative dimension. 

At present, the mean and variance of local properties has been deter- 
mined in the literature with a satisfactory degree of confidence only 
for loose packed, poured packed, and close packed random beds of 
equal sized spheres [5j. Utilization of these data in any future 
model will probably provide a further refinement to the predicted 
effective thermal conductivity values of heterogeneous mixtures. 



APPENDIX G 
FORTRAN IV COMPUTER 
PROGRAMS 
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THERMAL CONDUCTIVITIES PREDICTED BY FOLLOWING MODELSO 
1. RUSSELL 2. bERNSTIEN 3. WOODSTDE 4. CRANE AND VACHON 
< EQU A f I ON 5-2) 

IMPLICIT REAL*MA-Z) 

I NTE GfcR*4 l « INDEX 

COMMON KC » KD» L, MU, PO, SIGMA, T , KE , Q ,CK 

DIMENSION SuM( 10 ) , PLOT I ( 1 73 ) , PLOT2 { 173) ,PLCT3(173) , PLCT41173) , 

*Y< 173) ,XLAB(5) , YLAB { 5 ) ,GLAB ( 5 ) ,DATLA6 ( 5 ) 

DATA SUM, INDEX/1C*0.0,0/ 

EXTERNAL F 
SUM1BI=0. 

SUM29 1=0 . 

SUM3B 1=0 . 

S U M4 B I = 0 • 

SUMS Q 1 = 0 . 

SUMSQ2-C . 

SUMS03=0. 

SUMS04=0 • 

SUMK 1 E=0 . 

SUMK 2E = 0 . 

SUMK3t=0. 

SUMK4E-0. 

Pl=3. 14159 

READ( 5,5)XLAB,YLAB,GLAB,DATLAB 
5 FORMAT ( 20A4 ) 

1 WRITE (6, ICC) 

100 FORMAT( 1H1 ,///////////////, 25X, 'DATA* , 17X, 'EFFECTIVE THERMAL CCNDU 


SCTIVITY (KCAL/M- 

HK- 

K) 

X 100 • , // ,25X , • CASE * , IX , 


$• EXPERIMENTAL 

i 

1 

RUSSELL 

■,* BERNSTEIN 


S* WOODS ICE 

i 

9 

CRANE 6 

' , / , 30 X , 


S' 

i 

• 



* , 

S' 

i 

t 

VACHCN 

• ,/ ) 


READ (5»3,END=6) 

KC v 

KD, 

PD,EXKh,CASE, 

CASE1,CASF2,MV,MR 



3 FCPMATUF1C.5, 3A4,2(F5.0) ) 

I NDEX= INDEX+ 1 

Y( INDEX )=AL0G10(EXKE/KC) 

E=l. O-PD 
MU=1 .O-PD 

IF IMV.GE.l) CALL VACUUM 
S I GMA=0.32248*PD-0.092543*PD**2 
CALL QCIOIC., W,F, INTF) 

Kt=l ./INTF 

IF (MR.GE.l) CALL RAD 
C£ =K E/KC 
CXKE=EXKE/KC 
DI F= (CF-CXKE )/CXKE 
K4 =K F 

PLUT4I INDEX )=ALGG10(K4/KC> 
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C 


44 

46 


BERNSTF IN 
tP = t 

IF(PD.GE.O.S) GG TO 44 

K2=KC*(4 f 0*PO/< 1.0+KC/K0)+KD/KC*t L.0-2.0*PU) > 

GC TO 46 

K2=KC* (4. 0*EP/ ( 1 .C+KC/KO) ♦( 2 ,0*PD- 1 *0 ) ) 

CONT INUc 

PLOT 2 ( 1 NO EX ) = A LCO 10 ( K2/KC ) 


VyUGD SIDE 
RATI U= PI/6.0 

IFIEP.GE. RATIO) t P-R AT 10 

A=SQRT { 1.0 + 4.0/lPl’M KD/KC- l. 01*16. 0*LP/PI )**(2./3. ) ) ) 

IF ( A .U . 1 .COCO I ) A = 1.00 001 

K 3=KC/ t 1.0- ( 6.0*£P/P !> **< 1 »/3. )*( i.0-( A-l . 0/ A) *AlOb( (A+l.J/IA-l. 


) ) 


* > ) 

K3=K 3*2.0 

PLOT 3 ( INDEX )=ALGG 10 (K3/KC) 

KUSStLL 

Kl = KC*(E**Rl + KC/KD*(1..0-E**Kl))/(E**Pl“t: + KC/KP*(l.C-E**Rl + t)) 

PLOT I ( lNDfcX)-ALGG10(KI/KC) 

WRI ft I 6 1 2 0 0 ) lNDEXfEXK£*KltK2»K3*K4 
200 FORMAT ( /, 25X»14,4X,5(F10.5,6X) ) 

BK 1 = UK i-t-XKL) /EXK£ )*1C0. 

BK2=((K2-tXKt)/LXKE)*lC0. 

6K 3= ( 1K1— FXKF)/EXKF)*1C0» 

U>. K 4 - ( (K4-tXKE)/EXKE 1*100. 

K 1 OF F = A B S ( BK l ) 

K20FF-ABS (BK2 ) 

K 30FF = Al'SIEK3) 

K4UFP=ABStfiK4) 

SUMIBI=SUM1BI+BK1 
SUM2BI = SUM2D I + 13K2 
SUM 181= SUM 3 R I + BK3 
SUH4B I = SUM4P. I +KK4 
SCKltR=K l G F F * * 2 
SCK2f.R = K2C:PF*#2 
S£K3FR=K3CFF**2 
SQK4f.R = K4CFF**2 
SuMS-J I = SUM S C 1+ SUK 1 L R 
SUMS02-SUMSC2+S0K2FR 
SUMS 0 i= SUMS 0 3 + SDK 3FR 
S U M S U4 = S U M S G 4 +• S 0 K 4 1 R 
SUMKIE=SUMK IL+KIOFF 
SUMK2L=SUMK2L+K2CFF 
SUMK lt=SUMK 3L+K BUFF 
SUMK4t = SUM:K4b + K4UFF 
GG TO 2 
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6 BOCASE=FLCAT! INDEX) 

AVBI usumibi/bocase 

AVBI2=SUM26I/80CA$E 

AVBI 3=SUM3BI/BOCASt 

AV8I4=SUM4ei/B0CASE 

T1ERAV=SUMKI6/B0CASE 

T2ERAV=SUMK2E/BOCAS£ 

T3ERAV=SUMK3E/6QCASE 

T<tERAV=SUMK4E/BOCASE 

TIERVAM ( SU M SOI/ BC CASE)— TIER AV**2)/10C00. 

T2ERVAM < SUMSQ2/BOCASE)-T2ERAV**2) /l OOOO. 

T3£RVA= ( ( SLMSQ3/B0CASE )-T3ERAV**2) / 10000. 

T4ERVA= < ( SUMSQ<t/80CASE >- T4ERAV**2 > / 1 0000. 

WRITE! 6,573) AVBI 1 , AVBI 2 , AVB I 3 , A VB I 4 , T 1ER AV , T 2E RAV , T3 ER AV , T4ERA V, T l 
*ERVA,T2£RVA,T3ERVA,T4ERVA 
573 FORMAT! 3X , 8F 8. 2 , 4F 12 . 4) 

GC TO 62 1 

CALL OR I G I N ( 2 • 5 1 3 • 5 « I ) 

CALL GRAPH(l73,Y,PL0Tl,3,-7,-5.,-5.,2.,0.,2.,0.,XLAB,YLAB,GLAe, 
*DATLAB> 

CALL ORIGIN! 8.5,0. , I ) 

CALL GRAPH! 17 3 , Y , PL0T2 , 3 , - 7 ,-5 . .-5 . , 2 . , 0 . ,2. ,0. , XL AB , YL AB , GL A B , 
*DATLAB) 

CALL OR IG IN ( 8. 5, 0. , I) 

CALL GRAPH! 1 73 , Y , PLOT 3 1 3 ,-7 ,-5 . ,-5 . , 2 . , 0 . ,2 . ,0. »XLAB,YLA8,GLAS» 
♦DATLAB) 

CALL OR IG IMS. 5,0., 1) 

CALL GRAPH! 173,Y,PL0T4,3,-7,-5.,-5.,2. , 0 . , 2 . , 0 . , XL AB , YL AB , GL A 6 , 
♦DATLAB) 

CALL ORIGIN! 8. 5,0. , I ) 

621 CONTINUE 
STOP 
END 

FUNCTION F ( P ) 

REAL MU,KC,KD, I N TF , K E , L AMMA , K BOL TZ , K , KNUOSN * L , KR 
COMMON KC, KD, L, MU, PD, SIGMA, T , KL ♦ Q ,CK 
X=SIGMA*SCRT 12.0) 

FNORM=ERF! ! I.O-MUJ/X)— ERFt !0.-MU)/X) 

P2=< ERF! { I .O-MU) /X >-tRF( { P-MU) /X) ) / F NORM 
F=I.O/(«C+(KD-KC >*P2) 

RE TURN 
END 
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SUBKQUTINL VACUUM 

REAL MUtKCfKO, IMF,KF, L AMMA , KGUL T Z » K , KNUHSN » L t K < 
COMMON KC, KD, L* MU, PO. SIGMA, T » K t » Q »CK 
:<b AD ( 5, 4 ) T , PRfc SS , D I AG, K » PR* L , A 
A FORMAT! 7tlG.O) 

KdOLTZ= 1. 38046-2 3 
PI =3. 14 159 
Cl=.495 

CH=P«fcS$*l .333224E+7 
CH-PRtSS 

W« ITE (6, IOC) CH.OIAG, A, PR, K, L 

100 FORM. A r ( 6tl 1 .41 

L AMMA=KdGLTZ*T/ ( SCRT1 2 . )*CH*P AG**2 )*1C.0**G 

G=<I2.-A)/A)*4.*C1*K/(K+1.)*LAMMA/PK 

KNUnSN=LAPKA/L 

POKF=L* ( 0 .74 /MU ) **2/43 . 

K C = C K / { 1 . + 2.*G/Pf)kt ) 

iJR I Tfc ( 6, 1U 1 ) L AM M A , G , K P.'UO S N » K C 

101 FORMAT (4E1 1.4) 
l< t- T U f< N 

END 
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SUBROUTINE RAD 

REAL MU,KC,KD, I NTF , K E , l AMM A , KBOL T Z , K , KNUD$N,L,KR 
COMMON KC ♦ KD» L, MU, PD, SIGMA, T ,KE,G *CK 
RE AD ( 5 , I ) T , EP 
l FORMAT (2F1G.5) 

£P = 0 • 95 

S I GM AR= 5 . 668 1- 8 
D= L 

KR=4.0*EP*SIGMAR*D*T**3/( ( 2.0-EP) ) 

KE = K E+KR 

RETURN 

END 
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C CUMpUtft PROGRAM FUR THE NODULAR MODEL 
iNTtGER CASE 
REAL KS»KG t KE, KC.KD 

DIMENSION N(Nl+2»NI+2vNl+2) ,RI Nl + 2, Nl + 2,Nl + 2 ) , TI N1 +2,Nl-+2, Nl+2),TK 
*<6,Nl+2,Nl+2,Nl+2) 

DIMENSION D ( 3 ) » C ( 6 ) 

Nl 

N2=N 1+2 
N3=N 1+ I 

na=ni-i 

I Y = 3 

YFL s 0«0 

ITEST-0 

1 READ(5,3,fcND=IOOO)KS,KG,P,EXKE» CASE 
3 F0RMAT(AF10.5,A5) 

READ! 5, 159)DI AM, POISON, YOUNG , DENS , DE PTH ,.COEF 1 , COEF2 
159 FORMAT (E8. 3,FA.3,2E8.3,FA.3,F5.A,FA.2> 

WRIT El 6, A) 

A FORMAT!///) 

ITfcST=ITEST+i 
Ml = N 1 **3 
M2=N2**3 
M = 0 

POKE$=P#FLOAT(M2) 

LPORtS= PORES 
CO 2 I - 1 , N2 
DO 2 J = l , N2 
DO 2 K=1,N2 
Nil, J,K)=0 

2 CONTINUE 

20 I A = 0 

21 I A = l A+ 1 
1 X = I Y 

CALL RANDUI IX, IY,YFL ) 

D ( IA )=YFL*FL0AT(N2) 

IF ( I A-3 )21 ,22, 22 

22 CONTINUE 
11=0(1) 

12=0(2) 

13=0(3) 

1=11+1 
J= I 2 + 1 

K = I 3+ l 
L A = N I I , J,K) 

IF (LA-i >23,20,20 

23 N ( I t J , K ) = 1 
M=M+ 1 

IF(M-LP0RES)20,2A,2A 
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24 CONTINUE 

WR I TE ( 6 * 340 ) M 
340 F0RMAT(3X»*M=* ,14) 

A = 0. 5 

DO 5 K=2,N3 
DO 6 1 = 1 , N2 
DO 6 J= i» N2 

6 T( I, J, K)*A 
A=A+1. 

5 CONTINUE 
DO 3a K=2,N3 
DO 38 1=2, N3 
DO 38 J=2 1 N3 
I F ( N ( IfJ f K) ) 7f 7 « 8 

7 8=1. 

GO TO 9 

8 B = 0. 

9 I F ( f -2 ) 202 » 202 » 160 

160 IF(Nl I-ifJyK) )202y 11* 12 

11 C(l>=1.0 

GO TO 203 

12 cm=o. 

203 TK(1,I,J,K)=( l B*KS + ( 1 .-B ) *KG ) * ( C ( 1 )*KS*( 1 *-C ( 1 ) ) *KG ) > /(O. 5*1 B*K$*I 
*1.-B)*KGH-0.5*(C< i)*KS+( i.-Cl 1) )*KG).> 

GO TO 13 

202 TKllfl, J,K>=0. 

13 IFU-N3) 161,204,204 

161 IF(N1 I+ltJ»K) ) 204, 14, 15 

14 C ( 2 ) =1.0 
GO TO 205 

15 C C 2 ) =0 * 

205 TX(2, 1 , J,K)= ( IB*KSM 1 .-B ) *«G ) * C C { 2 ) *KS+ 1 1 .-C ( 2 ) )*KG) )/ (0.5*1 B*KSM 
* 1 . -B > *KG ) +0. 5* 1 C 1 2 ) *KS H l . -C 1 2 ) ) *KG 1) 

GO TO 16 

204 TKI2, I, J,K)=0. 

16 I F 1 J— 2 ) 206 , 2 06 , 1 62 

162 I F { N ( I , J— 1 , K > ) 206 ,17,18 

17 Cl 31 =1.0 
GO TO 207 

18 C 1 3 J =0. 

207 TK13, I , J,K)=( (B*KS+{ l.-B)*KG)*(C(3)*KSH 1.-C13J t«KG) )/< 0.5*(B*KS+f 
*l.-B)*KG)+0.5*(Cl 3)*KS+( 1.-C13) )*KG)) 

GO TO 19 

206 TK13.I, J t K)=0. 

19 IF! J-N3) 163,208,208 

163 IF(N(I,J+1,K) >208*30,31 

9 A r # / i . i « 

J'J O I *♦, =1 • U 

GO TO 209 
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31 C(4>=0. 

209 TK<4 , r , J, K} = ( (B*KS+( 1 . -B )*KG ) * ( C I 4 J *KS + ( 1 . -C { 4 ) > *K G ) > / ( 0 
*1 .-B ) *KG ) +0 • 5* < C{4 )*KS+( 1 .-C( 4 ) )*KG ).) 

GO TO 32 

208 TM4,l , J,K)=0. 

32 IF (K-2) 210,211), 350 

350 IF (N( I , J, K-l )) 210,33, 34 

33 C ( 5 ) = 1 . 0 
GO TO 211 

34 C ( 5) =0 . 

211 TKI5, I, J,K)=l (B*KS+{ l.-6)*KG)*(C( 5>*KSM l.-C (5))*KG) )/(0, 
*1 .-B )*KG) +0*5* ( C ( 5 )*KS+( 1 .-Cl 5 ) )*KG) ) 

GO TO 35 

210 TK ( 5 » I » J, K ) = 0. 

35 IFU-N3)351, 212, 212 

351 I F ( N ( I, J,K + i 1)212,36,37 

36 C (6) =1.0 
GO TO 213 

37 C ( 6 ) =0 . 

213 TK{6,I,J,K)=((B*K$+{l.-B)*KG)*(C(6)*KS+ll.-C(6M*KG))/(0. 
*1.-B)*KG)+0.5*(C(6)*KS+(1.-;C<6) )*KG>.) 

GO TO 38 

212 TK ( 6 * I, J,KI=0. 

38 CONTINUE 

PRES = OtPTFf* ( 1, -P) *DENS 

**0^3 3 33 > ^ * DI AM/2 * ** 1 ( 1*“I POISON 3 #* 2 ) ) *PRES } / ( YOUNG* ((1.* 

HR=COEF 1*01 AM 

KC=RSP/((0.5 + t (HR*C0fcF2)/{ 3.14*RSP) > I *D I AM ) 

CONT R=KC*KS 

185 IF { I TEST-1 ) 186, 186, 187 

186 CONT AC-95 • * { 22 • 47- ( 39. 39* P ) ) 

GO TO 191 

107 IFU TEST-31 188,188,189 

188 CONT AC= 100. *{22. 4 7- ( 39.39*P) ) 

GO TO 191 

189 IF ( I TfcS T-6 ) 190, 190, 191 

190 CONT AC = 1 10 .* { 22. 47- ( 39 • 39*P ) ) 

191 CONTINUE 

IF ( CONT AC >158, 157,157 
158 CONT AC -0. 

157 CONTINUE 

L C ON T = C ON T AC 
WRITE(6,325) LCONT , CONTR 
325 FOR^AH 3X, 'LCONT=' , K, * CON TR= *,£ 10 . 5 ) 

NUM = 0 
NTtST=0 
302 I A=0 


. 5* { B* KS+ ( 


5*(B*KS+< 


5* ( 6*KS+ ( 


P )**2 )) )* 
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NTEST=NTEST+1 

300 IA=IA+1 

I X= I Y 

CALL RANDUUX, IY,YFL) 

0( IA)=YFL*FL0AT(N1) 

I F ( I A-3J300, 301*301 

301 CONTINUE 

I I = 0 < 1 ) 

1 2=0 ( 2 ) 

I 3=0 ( 3 > 

1 = 11+2 
J= I 2 + 2 
K = I 3 + 2 

IF(NI ItJ.K) >302,303,302 

303 IF (Nll-l , J »K ) ) 304, 305, 304 

305 IFITKI 1, I ,J,K)-CONTR)306, 304,306 

306 IF ( I-2> 330,330,70 

330 TK(1»I*J»K ) =CONTR 
GO TO 71 

70 TK(2,t-l, J,K)=CONTR 
TM 1, I, J*K >=C0NTR 

71 NUM=NUM+1 

304 T F C N t I+1*J*K) ) 307,309,307 

309 IF(TM2»I,J,K) -CONTR >331,307,331 

331 IF< I-N3>72,308,308 
308 TK12, I, J,K)=C0NTR 

GO TO 73 

72 TM 1,1 + 1, J,K)=C ON TR 
TM2,I, J,K)=C0NTR 

73 NUM=NUH+1 

307 IFINCI, J-1,K>) 310,311,310 

311 IF(TK<3, I, J,K)-CONTR)332,310,332 

332 IF{J-2>80, 80,74 

80 TK(3, I, J,K)=CONTR 
GO TO 75 

74 T K ( 4 , 1 ,J — l,K) = CONTR 
TK(3,I ,J,K)=C0NTR 

75 NUM*NUM+1 

310 IF(N( I, J+l,K>) 313,314,313 

314 IF (TM4, I , J,K}-CONTR) 315, 313,315 

315 IF (J-N3J76, 81,81 

81 TM4» I,J*K)=C0NTK 
GO TO 77 

76 TK(3,I,J+1,KJ=C0NTR 
TK(4,I,J,K)=C0NTR 

77 NUM=NUM+1 

313 IF(N(I*J»K— 1)1 316,318,316 

318 IF(TK(5, I, J,K>-C0NTR)319, 316,319 
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319 I F ( <-2 ) 82 » 82 , 83 

82 TK ( 5 r I, J,K)=CONTR 

GO TO 84 

83 TM5,l,J,K) = CONTR 
TK<6, I, J,K-U?CONTR 

84 NUM=NUM+1 

316 IF{N(I*J»K+1))321»322*321 

322 IF{TKl6, I* J,K)-CONTR >86,321, 86 

86 IF!K-N3)323, 87,87 

87 7K(6*I,J,K) =COMTK 
GO TO 85 

323 TK(6, I« J,K»=CONTR 
TK!5,I, J,K+i)=CONTR 

85 NUM=NUM*1 

IF (NTEST-15000) 321,321,100 
32 l IF[NUM~LC0NT)302, 324,324 

324 CONTINUE 

DO 88 J=2,N3 
DO 88 K=2 , N3 
TK ( 1,2, J,K)=0. 

TK(2,N3, J,K)=0, 

88 CONTINUE 

DO 89 1=2, N3 
DO 8 9 K = 2 » N3 
TK 13, I ,2,K>=0. 

TK ( 4 , I , N3 , K ) =0. 

89 CONTINUE 

DO 90 1=2, N3 
DO 90 J = 2 , N3 
TK I 5 , 1 , J,2)=0. 

TK(6,I, J,N3)=0- 

90 CONTINUE 

HR I T F ( 6 , 500 ) NUM 

500 FORMAT! 3X, *NUM=» , 14) 

802 HRITE<6,501)NTtST 

501 FORMAT! 3X,*NTEST=* ,I5> 

11 = 0 . 

101 ll=Ll+l 

SR=0 . 

DC) 10 K=3 , N 1 
00 10 I =2 , N3 
no 10 J = 2 * N 3 

R!I,J,K) = TK(1,I,J ? K}*(T!I-1,J,K)-T!I,J,K) H-TK! 2,I,J,K>*!T!I + 1,J,K) 
#-T(I,J,K)I+TK13,I,J,K)#!T(I,J-l,K)-T!!,J,K))+TKl4,I,J,K)*!T!I,J+l, 
*K >-T t I , J,K) ) + TK{5, I , J,K)*l T! I , J^K-1 )-T( I , J,K|) +TK(6, I, J,K)*(T< I, J, 
*K+1)-T< I , J,K) ) 

S T K = 0 . 

DO 40 L=i,6? 
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TTK=TK(L, I ♦ J,K ) 

STK=STK+TTK 
40 CONTINUE 

T( I. JtK>=T( I » J,K) + l.2*(R( I, J,K)/STK>, 

SR=SR+ABS(RU. J,K)/STK> 

10 CONTINUE 

WRITE(6,103)SR 

103 FDRMATI3X, »SR*' »E10.4) 

IFItl-50) 150,150, 100 

150 IF(S R-5.il 02, 102,101 
102 CONTINUE 

WR I TE ( 6 , 104 ) L 1 

104 FORMAT ( 3X» ' Ll = * , 14) 

A VHE AT=0. 

00 44 K=2,N1 
THEA T = 0 • 

DO 45 1=2, N3 
00 45 J=2» N3 

51 HEAT = <TK<6,I,J,K) )*( TUt J,K+i)-T( 

THEAT=THEAT+HEAT 

45 CONTINUE 

WRITE<6,52)K,THEAT 

52 FORM ATI 3X» , K= , *l2» , THE AT= ' , E 10 . 4 I 
AVHEAT = AVHEAT«-THEAT 

44 CONTINUE 

KE=AVHE AT/900. 

RATI O-KS/KG 

OFF=( (KE-EXKEI/EXKE 1*100. 

WR ITE ( 6* 105 ) CASEf KS» KG » RAT I0»KE» EXKE » OFF 

105 FORMAT! 3X, *CASE=» ,A5,' KS=»,F10.5,* KG*',F10.5,« P=*„F5.3,» RA 

*TI0=SF8.2,* KE* , *Fi0.5f , EXKE* • ♦ F10. 5* • OFF=*,F7.2> 

100 CONTINUE 
GO TO l 
1000 STOP 
END 
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C 

c 

c 

r 

C 

C 


CALCULATION OF EFFECTIVE THERMAL CONDUCTIVITY OF GRANULAR MATER- 
IALS AT ATMOSPHERIC PRESSURES E XK = E X PE R l MEN T AL COND., KC=CGnO. CF 
CCNT INUOUSIGAS OR LtUUlD) PHASE, KD?CCNC. OF DISCONTINUOUS (SOLI 
PHASE, P=PCROSITY, F = VOLUME FRACTION OF SOLID PHASE, K l = E F F . CCNfi. 
BY MODEL, K2 = B Y KRUPICZKA, K 3 = B Y KUSScLL , KA = R Y L 1 CH TENFCKCk ,V'.D 
SON FREY, K5=B Y JEFFERSON, K6 = BY MAXWELL, K7 = BY RAYLEIGH, K8 = BY 
WOODS IDE AND MESSMER, K9 = OY MEREDITFi AND TOBIAS. 

INTEGER CASE 

REAL Ki,K2,K3,K4,K5,K6,K7,K9,K9,KC,Kn,KS,KG,KlP,Kl3IAS,K2BlAS,K3LM 
♦AS.K4BI AS,K5BIAS,K6B!AS,K70IAS,K8HI AS,K9BIAS 
iJ I Mr NS I ON BKl ( 100 ) , BK2 (1 00 ) , BK 3 ( ICO ) , BKA l ICO ) , BK5 ( 1 C 0 ) , BK 6 ( 1 OC ) , B K 
*71 100) ,BK8 l 100) ,hK9( IOC I , VOL F ( 1 00 ) , KC ( i 00 ) ,K 0 ( 100 > , E XK ( 1 CO ) , .< K ( 1 00 
* ) ,RKl ( 100 ) , RK2 ( 100) ,RK3( 100 > ,RKA( 100) ,RK 5 ( 10 0 ) , KK6 ( 100 ) , RK7 ( 1QC ) , R 
*K8(1C0),RK9( 100), PGR (ICO) , K 1 B I A S ( 1 00 ) , K2B I AS ( 1 CO ) , K 3 B I AS ( 1C0),KAHI 
*A5( 100) .K5B I AST ICO) * K6BI AST ICO) V K73I AST 100 ) f K8BMS ( 100) ,K9t>l AS ( LOG 
*) ,Ki ( LOG) ,F2 (100) ,K3( ICO ) »KA( ICO) ,K5( ICO) ,KB( ICO) ,K7< ICO ) ,KB ( ICC ) , 
*K9{ ICO) 


CALCULATION OF EFFECTIVE THERMAL CONDUCTIVITY OF GRA 

IALS AT ATMOSPHERIC PRESSURES E XK = E X PE R I MEN T AL COND. , ^ 

CCNT INUGUS(GAS OR LtOUlD) PHASE, KD?CONC. OF DISCONTINUOUS (SOLI 
PHASE, P=PCROSITY, F=VOLUME FRACTION OF SOLID PHASE, K l = E F F . CCND. 
Dw r '~ B = R Y RilSSrll. K/i-tRY I Ifl-TFMEfKrrf ,1 m1 


4 i i r ■ v u v 1 ^ n w i * t w i ^ u i i * i t j u ^ n i — i i 

= BY KRUPICZKA, K 3 = B Y RUSStLL, K A = R Y LIGHT E NFCKL 
=BY JEFFERSON, K6 = BY MAXWELL, K7 = B Y RAYLEIGH, K 


C. * A ", D 
KB= ! 'Y 


K3LM 


*) , K 1 ( LOG) 

*K9( ICO) 
NOCA St - 92 
SUM 1 R 1=0. 
5UM2 B 1=0. 
Sum 3 (3 1 = 0 . 
SUN A F, I - c- . 
SUE 5 81=0. 
SUM6UI=0. 
SUM7B 1=0. 
SUMB J I - 0 . 
SUMOLil = 0 . 
SuNG V 1 = J . 
SUMS 02 = 0. 
SUMS.) 3= C. 
SUMS 0 A = 0 . 
SUMS 05=0. 
SUMS 06 = 0 . 
SUM SO 7= 0. 
SUMS w B = 0 . 
SUMSU9=J. 
SUMK l E=0 . 
SUMk2(- = C. 
SUMK 3c =0 . 
SUMM»E = 0. 
SUMK 5 r = 0 . 
SUMK6E=0, 
SUMK7E=0. 
SUMK h E = 0 . 
SUMK 9r = 0 . 


DC 35 1 = 1 , NCCA St 
R t AD ( 6 f A)KS*KG,P,EXKE, CASE, KIP 
FORMAT ( AF1C.5, A 5, FLO. 5) 
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READ <5, 159)DIAM,POlSON t Y0UNG t DENS»DEPTH r CCEFl,CUEF2 
159 FORMAT! E8.3, F4 . 3 * 2 1 B . 3 , f 4 . 3 * F5.4, F4.2I 
K1(I )=KIP/1C0. 

E XK( d=EXKE 
VOLF ( N = l.-P 
POR { I ) =P 
F=l.-P 
C = KG 
D=KS 

KCU)=KG 
KD ( I I =K S 

K2( I )=KG*( (KS/KG)**( .280- ( . 757*ALOG 10 1 P H- ( . 057*AL0G 10 ( KS/KG ) I II 
FP=( 1. -PI**. 6667 
FG = < l.-P)**. 33333 
R =KG/KS 

K 3 ( I |=KG*( FP+R*( l.-FP) ) / ( F P- 1 . + P+R* ( 2 ,-P-F P I ) 

K4( I )-KG*( l.-FQ+FP+R*{ l.-FQ) )/< l.-FQ+R ) 

K=2.*KG+KS-2.*( l.-P)*(KG-KS) 

Z=2.*KG*KS+F*( KG-KS ) 

K6( I >=C*W/Z 

B=F**3. 3333*1.569#{C-D)/{4.*C+3.*0I 
K7(I )=C*( W-B)/ IZ-8) 

K8 (I > = C*C < ( (F+0.03l**2*0>/< 0.0 3*D+F*C I 1+0.97-F ) 

6 X«(D/C-l. )/(C/C+2. ) 

K9( I )={ 2.+2.*F*X >*( 2.+F*< 2.*X-l. ) )/( { 2 .-X*H * { 2 . -F* { X + 1 . I ) )*C 
XN‘=. A03/FG-.5 

XK=C*D*(2. *0/( D-C)**2*ALOG(D/C)-2./ ( D-C I ) 

XP=. 7854/1 l.+2.*XN)**2 

K5<I)=C*(l.-XP)+XP*{ ,5+XN)*XK*C/( .5*C+XN*XK) 

K 18 I AS 1 l ) = 1 ( 1 K 1 ( I l-EXKE I /EXKE)* 1G0. ) 

K2B ! AS ( I )=< ( (K2(I)-EXKE>/EXKF 1*100. ) 

K3BIASC 11=1 dK3( I l-EXKE )/EXKE)*100. > 

K4B I AS ( I) = ( ( (K4( I)-EXKt)/EXKE 1*100. ) 

K5B!AS<I)=111K5(I l-EXKE ) /EXKE )* IOC . ) 

K6BI AS! I )=< 1 (K6( I l-EXKE)/ EXKE I *100. I 
K78 1 AS ( 11=1 ( 1K71I )-EXKfc I /EXKE I *100. I 
K8BI AS( I > = M (K8( I l-EXKE l/EXKE 1*100. I 
K9B I AS 1 I I = 1 1 (K91 I )-EXKt> /EXKE 1*100. ) 

6K11 I ) = ABS 1 K IB I AS 1 I) I 
BK2( I ) = ABS ( K2B f AS ( ! I I 
BK3 ( 1 >=ABS1K3BIAS1 I I I 
BK4{ I I = AB S ( K 4B I A S ( I I I 
BK5( 1 1 - ABS ( K5B I AS ( I I I 
BK 6 1 I I = ABS ( K60 1 AS II I I 
BK7( I ) = ABS { K78 I A S 1 I I I 
HK 8 ( I I = ABS 1 K86 I AS ( 1 I I 
BK9 ( I I = ABS ( K9B IASI I I I 
RK1(I)=KHI)/C 
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KK2( I ) =K2 ( I ) /C 
KK 3< I ) = K 3 ( n/c 
KK4( [ »=KA( [ )/C 
RKt> ( T ) = K 5 ( I )/C 
RK6{ I ) =K6 ( I ) /C 
RK7( I )=K7( I )/C 
RKfi{ I ) =K8 ( I )/C 
RKSM [ ) =K9 { I )/C 
RK( I) -D/C 

SUK1DI«SUM1B I+K 1BIASII » 

SUM2RI-SUM28I + K2BIAS( I ) 

SUM3BI = SUM3BH-K3BIAS< I > 

SUM4B[=$UM4BI+K4H!AS( l ) 

SUM58I=SUM5fi I+K5BIAST I ) 

S U M f> H T = S U M 6 B I + K 6 B I AS { I I 
$UM7BI = SUK7riI + K7BIAS( I ) 

SUM8H I = SUM 8 8 I + KfiB I AS ( I ) 

SUM')BI = SUM9BT + K9BIAS( I > 

S Q K 1 F K = B K 1 ( I )**2 
SQK2BR-BK2 ( I )**2 
SUK 3 f R = 8K 3 ( [ )+*2 
SuK4FR-bK4 ( l )*#2 
S0K5 1 R = BK 5 ( I )**2 
S0K6£R=BK6 ( I )#*2 
SQK7irR = BK 7 ( I ) **2 
S£K8FR=BK8( I )**2 
S0K9 ER= BK9 ( [ )**2 
SUMSQ1-SUMSQ1+SCK1ER 
SUKSQ2=SUMSC2+SCK2LR 
SUMSQ 3 = SUMSC3 + SCK 3£R 
SUM$04 = SUMS(K+S0K4tR 
SUMS(J5 = SUMSC5 + SCK5LR 
SUMS<j6 = SUMSC,6 + SQK6i:K 
SUMSw7=SUMSC7+SCK7LR 
SUMSQH=SUNSC8+SGK8ER 
SUMS 09= SUM SC 9 + SDK 9 L R 
SUMKlh=SUMKlt+riKl< I ) 

SUMK2F = SUMK2F + BK2 ( I ) 

SUMK 3E=SUMK3t+BK3< I ) 

SUMK4t = SUMK4t + 8K4( I ) 

SUMK5b=SUMK5t+BK5( I ) 

SUMK6£ = SUMK6E + BK6( I ) 

SUMK7F = SUMK7t + l3K7( l ) 

SUMK 8fc-= SUM K8 l: + BK8 ( I ) 

SUMK9l = SUMK9t+HK9l I ) 

38 CONri'NUt 
WR I T fc ( 6 » 1 ) 

L H1RMAT( « I • , /////L5X f ' TADLt II. EXPERIMENTAL AND PReCICTbC THERMAL 
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♦ CONDUCT IV I T IfcS ' I 
WRlTE(o,60) 

60 FORMAT { 35X , 'FOR VARIOUS MODELS*) • 

WR I T E ( 6 , 3 ) 

3 FORMAT! //15X, 'CASE' ♦ AX, 'EXKE*,AX, 'MODEL' , 3X, 'KRUPIC. • , 2X ,♦ RUSS ELL • 
♦ » 3X , 'LIGHT. • , IX, 'JEFFERSON' ) 

DO 36 1=1, 48 

WRITE(6,7)I,LXK( I ) , K 1 ( I ) » K2 ( I ) » K3 ! I ) » K A ( I) »K 5 ( 1) 

7 FGRMAT! 16X, 12, IX,6F9.A) 

36 CONTINUE 
WR I TE ( 6 , 1 ) 

WR I T E ( 6 , 60 ) 

WRITE(6,3) 

DO 37 I =A9 • 92 

WRITE! 6, 2) I,EXM I ) ,K1( I ) ,K2( I) , K3 C I ) ,KAt I ) ,K5{ I ) 

2 FORMAT! 16X»I2»1X»6F9.A) 

37 CONTINUE 

WR ITE(6,61) 

61 FORMAT ( ' 1 ' ,/////lAX» 'TABLE III* EXPERIMENTAL AND PREDICTED THERMAL 

♦ CONDUCTIVITIES' ) 

WR I TE ! 6 ,60 ) 

WRITE(6,33 ) 

33 FORMAT! //I 5X, 'CASE' ,5X,*EXKE* , AX, 'MAXWELL* ,2X, 'RAYLEIGH* ,3X,*k AND 

♦ M»,3X, *M AND T* ) 

DO 38 1=1, A8 

WRITE! 6,30 ) I , EXK <I),K6(I),K7(!),K8(I),K9<I) 

30 FORMAT! 16X, 12, IX, 5F 10. A ) 

38 CONTINUE 
WRITb!6,61> 

WR I T E ( 6 , 60 ) 

WR I T E ( 6 , 33 ) 

DO 39 I =A9 ,92 

WRITE! 6,31 ) I ,EXK(I> ,K6! I) ,K7(I ) ,K8l t) ,K9( I) 

31 FORMAT! 16X, 12, 1X,5F10.A ) 

39 CONTINUE 

WR I T E ( 6 , AO ) 

AO FORMAT! *1* ,/////15X, 'TABLE IV. PERCENTAGE ERROR BETWEEN PREDICTED 
♦AND EXPERIMENTAL* ) 

WR ITE(6»A1) 

A 1 F0RMAT!31X,*THLRMAL CONDUCTIVITIES') 

WRITE(6,A2 ) 

A2 FORM AT 1//15X, 'CASE ' , 5X, 'MODEL • , 5X , • KRUP I C . • , A X , • RUS S EL L • ,AX, *L ICHT 
♦. ' ,3X, 'JEFFERSON' ) 

DC A3 1=1, A8 

WRITE!6»AA) IfKLBIAS! I ) ,K28IAS( I ) ,K 38 I AS ( I ) ,K AB I AS ! I) » K6B I AS l I ) 

AA FORMAT! 16X,I2, 1X.5F11.3) 

A3 CONTINUE 
WR I T fc { 6 , AO ) 
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UK I TE t 6,41 ) 

w < i r t ( 6 , 42 ) 
on 4 6 i = 49 , 9 ? 

WR I Ft (6,46 ) I ,K IB IAS < I) ,K2dIAS (I) ,K3Bl AS< I) ,K4RIAS( I) ,K58 IAS (I ) 

4 6 FORMAT l l b X , 12, IX, 6F 11. 3) 

4 5 CONTINUE 
UR I TL( 6,62) 

62 f C kKAT I • 1 *,///// 15X, • TABLE V. PFRCFN T AGP ERROR BtrWb'LN PREDICTED A 
*:ND EXPERIMENTAL') 

W K I T L ( b , A 1 ) 

Wk ITU 6,4/) 

47 FLMHATt //19X , 'CASt * ,5X , 'MAXWELL ' ,4X, 'RAYLEIGH* ,5X, *W AND M',6X,'N 

♦ AND T ' 1 

f;U 4 6 1-1,43 

Wrtl [H6,«) I ,K6ulA$( I ) ,K76I AS( I ) ,K8BI AS (I ) ,K9BIAS (I ) 

4 -) ) DRMAT ( 20 X ,I2,lX,4tl2.3) 

4 8 CONTINUE 
U R I T r ( 6 , 6 2 ) 

WK I f t. ( 6 , 4 l ) 

WHITE (6,47) 

T.'U 6 0 I =4 9 , 9 2 

WK I rt(6,6 1 ) I,K6HIAS I I ) ,K7BI AS( I ) ,KHBI AS( I ) ,K9BIAS( I ) 

51 FOkMATI 20X, 12, IX, 4F 12.3) 

60 CCNIINUc 
W!< I T E ( 6 , 1 2 ) 

12 MIKMATI • 1* ,2X, 1 15H Kb AN AND VARIANCE CF PERCE 9 T A 6 2 

♦ tKrtl/JR btTWbth MODEL PREDICTED AND EXPERIMENTAL THERMAL CONDUCT IV! T 
«Y ) 

WKlTb(0»13) 

13 FORMAT ( 24 X, 5HP0DEL , 5X , 7HKKUPIC , , 5X , 7HRUSSEU. ,6X,6HL ICHT. , 3X ,9h JcFb 
*rkS(JH,6X, /HP AXWblL ,4X f 8HRAYLF IGH, 3X ,9hW0 AND MS,6X,7 mM AND T) 

5CCASE=N0CASL 
A V n I l^SOMiei/BUCASb 
AVrt I 2-5UM2ri I /BCCASE 
AVUI 3=SUM3B I/BCCASt 
A V Li I 4=SUM4B l /BCCASE 
AVHl5=SUMbBI/BCCASE 
AVbl 6=SUM6HI /HOC A St 
AVBI /=$UM7B I /BOCASt 
AVBI B=6UM8Hl/8CCASE 
A V B I 9 = S U M 9 B I /BOCASt 
T URAV-SUMK lb/bOCASt 
T2tKAV=SUMK2F /BCCASE 
T 3 lkAV- SUM h 3 t / HCCAS E 
T4tKAV=SUKK4E/ BCCASt 
T 5t R A V- SUKK 5 1 / BOCA Sc 
Tbi-R AV= SUP K 6 b / UOC A S E 
T 7r RAV= SUMK 7 1/ BOCASt 
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T8ERAV=SUMK8E/B0CAS£ 

T9tRAV=SUMKSE/B0CASE 

T 1 £R VA= ( ( SUMSQl/BCCASE )-T 1ERAV**2 ) / 10C00. 

T 2 ERVA= ( ( SUMSQ2/BCCASE >-T2ERAV**2 ) f 1CCCO. 

T3ERVAM ( SUMSQ3/80CASE >-T3ERAV**2 > / IOCOO. 

T4ERVA= ( ( SUMSQ4/B0CASE )-T4ERAV**2 )/ ICCCO. 

T5ERVA= ( ( SUMSQ5/8CCASE )-T5LRAV**2 >/10COO. 

T6EKVA=( (SUMSQ6/BCCASE )-T6ERAV**2> / 1CCCO. 

T7ER VA= ( ( SUMSQ7/BGCASE )-T7£RAV**2 ) / ICCOO. 

T8ER VA= ( ( SUMSQ8/BCCASt >-T8ERAV**2 ) / 10CC0. 

T9ERVA=( (SLMSQ9/BCCASE ) - T9ER A V**2 ) / 1 COCO . 

WRITE (6, l6)AVeil.AVBI2,AVBI3,AVBl4,AV0l5,AVBIb,AVBI7,AVBl8»AVB 19 

16 FORMAT (6X»6hAVGERR»6Xt9E12.5) 

WRITL(6,14)T1ERAV,T2ERAV, T 3 ER AV » T4ER AV , T 5 ERA V, T6ER A V , T7ERA V , T8 ER AV 
*, T9ERAV 

14 FORMAT! 6X, 6HAVB I AS , 6X . 9F 1 2 . 5 ) 

WRITtib. 15JTIERVA, T2ERVA. T 3E RV A , T4ERV A , T 5 ERV A , T6ERVA, T7ERVA , T8EKVA 
*, T9ERVA 

15 FORMAT ( 6X.6HVARERR. 7X»9F12.5> 

WR ITE(6» 17) 

17 FORMAT! ///45X.34H D I ME NS I UNLESS CONDUCTIVITY RATIOS) 

WRITE(6, 18 ) 

18 F ORMAT ( // 1 3 1H KC KO P KD/KC MODEL 

♦KRUPIC. RUSSELL LICHT. JEFFERSON MAXWELL RAYLEIGH WO ANO 
*MS M AND T ) 

DO 20 I - 1 » NCCASE 

19 FORMAT ( 13F10.4) 

20 WRITElbt 1 9 ) KC ( I ) t K D ( I ) * POR ( I ) , RK < I) , RK 1 ( ! ) , RK2 U> , RK 3 ( I ) ,RK4( I ) » RK 
*5(1) * RK6 ( I ) » RK 7 ( I ) ,RK8< I ) ,RK9( I ) 

STOP 

END 
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C THERMAL CUNDUC Tl V I T I E $ PREDICTED BY FOLLOWING 

C M0DELSO U SON FREY 2. WOODSIDE AND MESSMER 

C 3. HENGST 4. GORRING AND CHURCHILL 

IMPLICIT RfcAL#4 ( A-2 } 
l NTEGER*A I, INOEX, ItftO, IERRl, IfcR 

DIMENSION SUM ( 10) ,PLOTl< 173) ,PLOT2< 173 ) ,PLOT3( 173 ) , PL0T4 < 1 73 ) , 

* Y { 17 3) f XL AS( ;>) f YL Afl ( 5 ) , GL AB ( 5) ♦ DAT LAB ( 5) 

DATA SUM, JNDfcX/ 10*0*0*0/ 

SUMlbl=0. 

SUM2B I =p . 

SUM3BU0. 

SUMABI =0. 

sums oi=u. 

SUMS 02 = 0. 

SJMS03=0. 

SUMS 04=0. 

SUMK1L- = J.. 

SUMK 2 E = 0 • 

SUNK 3F = 0 • 

SlJMK4t: = 0. 

PI =3. I A1S0 

RtAD I S, S>XLAB,YLAB,GLAIi»DATLAB 
5 FORMAT ( 20AA I 
1 WRITE (6, 100) 

10J FORMAT ( 1H1 ,///////////////, 2SX, 'DATA* ,17X, 'EFFECTIVE THERMAL CONDU 
ACTIVITY IKCAL/M-HR-K) X iOO • , // . 2b X , • CASE * , l X f 
f>* EXPERIMENTAL *»• SON FREY *,* WOODSIDE •, 

i' Hr NT, ST GORRING t *,/,30X, 

t 1 • • , * E MESSMER • , 

t' *,* CHURCHILL «,/> 

2 RtAolS, 3,LND=&) KC f KD t PQ,EXKE,CASE,CASEl,CASE2 

3 FORMAT (4F 10. S,3A4) 

INDEXM NDEX+ 1 

Y( INDEX )=ALUGlO(FXKF/KC) 

F = 1 . 0-P 0 

C SONFRFY LO 

R7=l. 0/3.0 
!<8 = KC/KD 

K 1 = K f. ^ ! l.Q-L0*Rr*E+KB*( t**R7-:F ) )/( l.Q-E#*R7+R8#E**R7) 

PLOT H I NDF X ) = A LOG 1 0 ( K 1 /KC ) 

C WOODS I OF & MFSSMEft EO 

K2=KC*( (E + 0.03 )*>*2*K0/ (0.03*KD+E*KC)+0.97-L) 

PLOT 2 ( I NO EX }®AL0G10(<2/KC> 

C HENGST 

N= 1 i . 6* F 

K3=KC*(N*E*KD/(2,Q*(KO-KC) > * ( KO/ ( KD-KC ) *ALOG ( KD/KC )- 1 . 0 ) ) 

PLOT 3 ( I NOEX ) *ALOG 10 I K3/KC ) 

C GORRING t CHURCHILL 
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X = 1 » 0 ' , . 

C=10.*PD/PI ' ' . “ 

IF IPD.LE . 0. 314159) GO TO A 

C= ( 3 .0*PI / ( 5. 0#PI-2G .0*PD ) )**i ' 1 . 

X=1.0/C**( 1. 0/3.0) f . - 

U, B= ( KC/ I C* l KD-KC ) ))**( 1.0/3. 0) * , _ „ 

K i=KC*(Pl/<6.0*< l.O-KC/KD)*C*B)*t ALGG<SQRT(B**2-B*X*X**2>/<B+XU 
* +SQRT(3.0)*ATAN( 12.0*X-B)/ISQRT(3.0)*B) )-SQRT ( 3. ) *ATAN 

*<-l.O/SQRTt3.0) ) )+l.0-Pl*X**2/4. ) 

KH=E XKE 

IF (K4.GT.EXKh) KH=K4 

SUMI4) = SUMI4) ♦ ( { K4-EXKE > /KH )**2 
PL DT4( INDFX )=AL0G10 l K4/KC ) 

WRITE (6, 200) INDEX t EXKE ,K1,K2,K3,K4 
200 FORMAT I/ f 25X,I4 f 4X,5(F10.5,6X)> 

BK 1 = ( ( Kl-EXKF) /EXKE ) * 100 • 

BK2=( tR2-EXKE)/EXKEH £ I00. 

BK3={ (lO-fcXKE) / EXKE)* 100. 

BK4= (IK4-EXKE) /EXKE )*100. 

K 1 OF F = A BS ( BK L ) 

K20FF= ABS l BK2 ) 

K 30F F = ABS I BK 3 ) 

K40FF=ABS(BK4> , , 

SUM18I = SUM1BI + BKL . 

SUM2BI=SUM2BI+BK2 ’ . . 

SUM3BI = SUM3BUBK3 * ' ,.‘‘ 

SUM48l=SUM4Bt+6K4 
SQKlER = KIflFF*#2 

SQK2FR=K20FF**2 ' ' . 

SQK3ER=K30FF*#2 

SQK4ER=K40FF**2 

SUMSQ1=SUMSQ1+SQKIER 

SUMS02=SUMSQ2+-SQK2FR 

SUMS03=SUMS03+S0K3ER 

SUMSQ4=SUMSQ4*SQK4ER 

SUMK 1E=SUMKIE+KI0FF 

SUMK2F=SUMK2E+K20FF 

SUMK 3E = SUMK 3E4-K 30FF 

SUMK4E=SUMK4L+K40FF 

IF ( INDEX.LQ. 14) GO TO 1 ; „ 

I F ( INDEX. EO. 28) GO TO l 
IFl INDEX. EQ. 42) GO TO l 
IFU NDEX.EQ.S6) GO TO 1 
IF (I NDEX.tQ. 70 ) GO TO l 
IFI INDEX. FQ.B4 ) GO TO 1 

ftffMnsivimotttfinTrii 

II '-'U *■ 

IFI INDEX. EQ. 112) GO TO 1 
IFI I NDLX.EQ. 126) GO TO 1 
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IF ( INDEX. EQ. 140) GO TO l 
IH lNDLX.bU.154) GO TO l 

30 TO 2 

6 BOCASE^FLOAT t I NOE X > 

AVBI l=5UMIBl/rtUCASE 
AVBI2-SUM2BI/BQCASE 
A VB I 3=SUM3BI/B0CASE 
AVSI A=SUMABl/BOCASF 
TlEKAV=SUMKlfc/BOCAS£ 
r2t«AV=SUMK2t/B0CASE 
T3fcRAV=SUMK3F/BOCA5E 
T4F«AV=SUMK4t/BUCA$E 

Tlt^VA=( (SUMSQl/BOCASfc )-T ltRAV**2 ) / 10000. 

T2FRVA=( ( SUMSU2/B0CA$E )-r2EKAV**2)/lOOOO. 

T3EKVA?( ( SUMSU3/nOGASc)“T3EWAV**2)/lOOOO. 

T4fcRVA= I < SUMSU4/B0CASE ) -T4ERAV**2 > / 1 0000. 

WRITt(ft,573) AVBU, AVBI 2, AVBI3, AVBI4 # TlfcRAV,T2ERAV, T3ERAV, T4ERAV, T1 
*ERVA t T2tKVA,fiERVA, T4ERVA 
573 TORMAH 3X,8FR.2,4F12,4) 

GO TO 621 

CALL ORIGIN!?. 5,3. 5, I) 

CALL GRAPH ( 173, Y,PLOr 1, 3,-7,-5.»-5. ,2.*0. ,2. »0. »XLAB,YLAB,GLAB, 
•DATLAH) 

CALL UKlGlNlfl.5,0.*U 

CALL GRAPH ( I73,Y,PLnT2,3,“7 # -5,f-5. f 2.,0..2. # 0.,XLABf YLAB.GLAB, 

♦ DATLAB) 

CALL OKIGINia.5, . I, 1 ) 

CALL GRAPH! 17 3, Y, PLOT 3, 3, -7,-5. ,-5., 2.* 0. *2 . , 0* , XLAB , YL AB , GL A 6, 
♦OATLAB) 

CALL ORIGIN <3. 5,. 1,1) 

CALL GRAPH! 173, Y,PLOTA, 3»-7,-5. »-5. , 2. ,0. ,2 . ,0. tXLAB, YLAB,GLAB, 
♦DATLAH) 

CALL ORIGIN (8. 5, .1, l) 

621 CONTINUE 
STOP 
f NO 
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C 


C 


thermal conductivity predicted by following 

MODELSO I. WILLHITE, KUNII AND SMITH 2. SCHUMANN 
AND VOSS 3. PRESTON 4 KRUPICZKA 
IMPLICIT REAL*4(A-Z) 

INTEGER *4 I, INDEX 

DIMENSION SUM! 10 > , PLOT L ( 1 7 3 ) , PLOT2 1 173),PL0T3l 173 ) , PLOT* U73 ) , 
*Y( 173) ,XLAB(5) ,YLAB(5) ,GLAB(5),DATLAB( 5) 

DATA SUM, INDEX/ 10*0.0,0/ 

SUM I B I -0. 

SUM28 I =0* 

SUM38 1=0. 

SUM4B l =0. ' 

SUMSO 1=0. * • • ' 

SUMSQ2=0. 

SUMSQ3=0. - - 


SUMSQ4=0. 


SUMK 1 E=0. 
SUMK2E=0. 


SUMK3E=0. 


SUMK4E=0. 

P I = 3. 14159 

READ( 5,5)XLAB,YLAB,GLAB,DATLAB 


5 FORMAT < 20A4 ) 

1 WRITEI6, 100) 

100 FORMAT ( 1HI, ///////////////, 25X, ' DA TA* ,17X,' EFFECTIVE 
tCTIVITY ( KCAL/M— HR-K ) X 100 • , //, 25X, • CASE • , IX , 
t* EXPERIMENTAL »,• WILLHITE, '»• SCHUMANN 

$* PRESTON KRUPICZKA »,/,30X, 


V 


KUNII & SMI TH • , • & VOSS 


$• «,» ' , / > 

2 READ (5,3, END=6) KC, KD, PD, EXKE, CASE, CASE 1« CASE2 

3 FORMAT (4F10.5,3A4) 

I NDEX= I NDE X + 1 

Y ( INDEX )=AL0G10( EXKE /KC) 

E=1.0-PD 

WILLHITE, KUNII, & SMITH 

N=3.0*( 5.01~8.42*PD)/( 1 ♦ 9 1- 1 . 9 1*PD ) 


THERMAL CGNOU 




» 


IF(N.Lt.l.O) N= 1 . 0 
THETA=ARS1N(SQRT{ 1.0/N) ) 

GAMM A=0 . 5 

ALPHA=1.0/(2.0*N)*( 1 . O-KC/KD ) **2/ ( ALOG ( KD/KC- 
* (KD/KC-1.0)*C0S( THETA) )-( 1.0-KC/KD)*< 1 . O-COS < THE T A J ) ) 
K1=KC*< 1.0+ E*( l.O-KC/KD)+GAMMA/ALPHA*( 1 . O-KC /KD ) **2*E ) 


KH^EXKE 

IFIK1.GT. EXKE ) KH=K 1 

SUM ( i ) = SUMin + HK1-FXKF )/KH)**2 

PL0T1 ( INDEX )=ALOG10(K1/KC) 

SHUMANN 
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IF (PO.GE.O.5 ) GO TO 3i 

KE=KEXP 

M= • 2 

30 Yl=M*(M+l. )*ALOG( U.+MI/Ml-M-PD 
IF(ABS(Y1).LT..0005)GO TO AO 
YP = ( 2 . 0*M+ 1.0)*ALQG( { UO+M J .0 
M=M-Y1/YP 
GO TO 30 
31 M=*0000. 

AO K2=KC*P0**3*KC*I 1 .-PD**3 ) *KD/ ( KC*** t KC-KO ) I* I l.O*M*( 1 . 0+M ) * IKC-KD ) 
*/<KC+M*(KC-KD) )*ALOG(KC*< 1 . 0*H ) / ( M*KO I ) ) 

PLOT 2 ( INDEX>=ALOG10<K2/KC 1 
C PRESTON 

K3=1.RS57A*K2**0.959 
PLOT 31 INDEX)=ALOG10(K3/KC> 

C KRUPICZKA 

KA = KC*(KD/KC >**< 0.280-0. 757* AL0G10I PD I-O.057*AL0GlO (KD/KC > ) 

PL0T4 ( INDEX) = A LOG 10 ( KA/KC ) 

WR I T E ( 6 » 200 ) INPEX,EXKE,K1,K2,K1,K4 
200 F0RMAT(/ ( 25X,IA,AX,5<F10.5,6X) I 

bKi- ( (Ki-exKe»/exKtmoo. 

RK2= ( (K2-EXKE) /EXKE )*100. 

BK3= ( <K3-EXKE>/EXKE)*100. 

BKA=UKA-fcXKE) /EXKt)*100. 

K10FF=A8S(BKI> 

K 20F F = ABS ( BK 2 ) 

K30FF-A6SI6K3) 

KA0FF=ABS(8KA) 

sumibi=sumibi+bki 

SUM2BI=SUM28I+BK2 

SUM3bI=SUM3BI+BK3 

SUMA 8 I = SUMAB I + BKA 

SGKlER-KlOFF**2 

SQK2ER=K20FF**2 

S0K3ER=K3UFF**2 

S0KAER=KAGFF**2 

SUMS01=SUMSgi+$QKlER 

SUMSQ2=SUMSQ2*SQK2ER 

$UM$Q3=SUMSG3+S(jK3fcR 

SUKSUA = SUMSCjA+SQKAtR 
SUNK 1E=SUMKIE+K10FF 
SUNK2E=SUMK2L+K2UFF 
SUMK3t=SUMK3t+K30FP 
SUMKAE=SUMKAt+KAUFF 
IF ( INDEX. fcQ. 1A) GO TO 1 
IF ( INDEX. EQ. 28 ) GO TO 1 
I F ( lNDtX.tO.A2) GO TO 1 
IF ( INDEX. Eg. 56) GO TO 1 
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I F C INDEX. ECU 70) GO TO 1 
I F (I NDEX.EQ.84 ) GO TO l 
IF( INDEX. EU. 98 > GO TO 1 
IF< INDEX. 6U. 112) GO TO 1 
IFUNDEX.EQ. 126) GO TO 1 
IF ( I NDEX.EQ. 140) GO TO 1 
IF< INDEX. £Q. 154) GO TO 1 
I F < INDEX. EQ. 168) GO TO 1 

go to 2 • 1 •* - 

6 BOCASE=FLOAT (INDEX) 

AVBI 1=SUM1BI /BOC AS E - . 

AVBI 2=$UM2BI/BOCASE 
AVBI 3=SUM3Bl /BOCASE 
AVBI 4=SUM4BI /BOCASE 
T1ERAV=SUMK IE/ BOCASE 
T2 ERA V= SUM K2E/ BOCASE 
T3ERAV=SUMK3E/BOCASF 
T4ER A V=SUMK4E/ BOCASE 

T1ERVA=( ( SUMSQ l /BOCASE ) -TIER AV**2)/ 10000. 

T2ERVA=( ( SUM SQ2/ BOC ASE )-T2ERAV**2 > / 10000, 

T3ERVA=( (SUMSQ 3/BOCASE )-T 36 RAV**2 )/ 10000. 

T 4ER VA= ( ( SUMSQ4/B0CASE ) -T4ER AV**2 > / l 0000 . 

WR I TE ( 6,573 )AVBI1,AVBI2,AVBI3,AVBI4,T ItRAV , T2ERAV » T3ERAV, T4ERA V,T1 
*ERVA,T2ERVA, T3ERVA, T4ERVA 
573 F0RMAT(3X,8F8.2,4F12.4) 

GO TO 621 

CALL 0RIGIN(2.5,3.5, 1) 

CALL GRAPH ( 173,Y,PLOTl,3,-7,-5.,-5.,2.»0.*2.»0. , XL AB , YL AB,GLAB, 
♦DATLAB) 

CALL ORIGIN(8.5*0.,1) 

CALL GRAPH ( 1 7 3, Y , PLOT 2, 3 , - 7,-5 . ,-5 . , 2 . , 0 . , 2 . 1 0 . , X L AB , YL AB ,GL A B, 
*DATL AB ) 

CALL ORIGIN! 8.5,0. ,1) 

CALL GRAPH l 17 3 , Y, PLOT 3 , 3 , -7 ,-5 . »-5 . , 2 . , 0. ,2 . , 0 . , XL AB, YL AB,GL A B, 
♦DATLAB) 

CALL ORIGINl 8.5,0., 1) 

CALL GRAPH ( 173, Y, PLOT 4, 3, ~7 »-5 • ,-5. ,2. ,0.,2 • ,0. ,XLAB,YLAB,GLAB, 
*DATLAB) 

CALL ORIGINl 8.5,0., 1) 

621 CONTINUE 
STOP 
END 
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thermal conductivities predicted bv following 

MODELS O 1. EQUATION 6-16 2. EQUATION 6-17 

3. EQUATION 6-18 A. L ICHTENECKfeM 3-D 
IMPLICIT REALMS (A-2) 

INTEGER*A I,INDEX 

COMMON MU, SIGMA, KC,KD 

DIMENSION SUM! 10 I , P LOT l ( 1 73 ) , PL0T2I 173),P10T3( l 73 > , PLOTA ( 1 73 ) , 

*Y< 17 3) , XL ADI 5) ,YLAtS(5),GLAB(5),DATLAB(5), PLOTS (1731 ,PL0T6( 173) 

DATA SUM, INDEX/10*0.0,0/ 

MU=0 .A99 

PI=3,1A15 92 653589793 
SIGMA=10.0C0 
SUMA B I -0. 

SUMSQA=0. 

SUMK A t= 0 • 

READ(5,190)XLAB,YLA8,GLAB,DAILA6 
190 FORMAT I 20 AA ) 

1 WR[TE<6,10C) 

100 FORMAT ( 1H1 , / // // /// /////// »25X,*DATA* , 17X, ‘EFFECTIVE THERMAL CCNOU 
ACTIVITY (KCAL/M-HR-K > X 100 ' , , 25X , * CASE * , IX , 
i* EXPERIMENTAL *,* EQUATION 6-16 •»• EQUATION 6-17 *, 
i' EQUATION 6-10 ♦,• LICHTENKER *,/) 

5 RE AD ( 5 , 3 , END-6 ) KC , K D, PD, E XKF , C ASE , CA SE 1 , C ASE2 
3 FORMAT ( AF10.5, 3AA) 

INDEX= INOEX+ 1 

Y( INDEX) = CLCG10(EXKE/KC) 

E= 1 • O-PD 

I F ( PD.GE. 0 ♦ 5 ) MU = 0 • 5 1 
EPSI = 1 » ODO-PD 

X = S I GMA SQRT12.0D0) 

FN1= X*OSQRT ( PI > / 2 . ODO 
IF(PC.LT.0.5)GC TO 12 
IF(PD.GT,0.5)G0 TO 21 
X 1 = ( 1 . ODO-MU ) / X 
X2=(O.ODO-MU)/X 
FN=FN1*(DERF(X1)-DERF(X2) ) 

CALL DQG32IC.ODO, 1.0o0,F, INTF) 

Kc 1= INTF/FN 

CALL DOG32 (C.ODO, 1 . ODO , F2 , REMN ) 

12 DO 11 1=1,6 

50 CALL 00032(0.000, 1 . OHO , F 1 , ANS W ) 

X L - ( 1 «ODO-MU ) /X 
X2=( 0. ODO-MU ) /X 
FN = FN1*(UERF(X1>-CERF(X2) ) 

BNSW=1.C0-ANSW/FN 
IF (BNSW.LE.PO) GO TO 11 
MU=MU+1G.00C*#(— I ) 

GO TO 50 
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11 MU=MU-10.0CO**(-I ) ' . . 

GO TO 7 

21 D022 I = 1 » 6 

9 CALL OQG32(O.ODO, 1.0D0tFl,ANSW> 

X 1= I l.OOO-MUl/X 
X2-(O.ODO-MU)/X 
FN=FNl*IDERF(Xi)-CERF<X2.) > 

BNSW*1 .DO-ANSW/FN 
IF(BNSW.GE.PD) GO TO 22 
MU=MU-lO.ODO**(-I ) 

GO TO 9 

22 MU=MU+lO.ODO**(-I ) 

GO TO 7 

KE2=FN/R£MN 

PL0T5UNDEX) =DL0G10 ( KE 1/KC ) 

PL0T6( INDEX ) = DLOG 10 (KE2/KC ) 

RK — KO/KC 

FO=DEXP(-Z.4006+0.83fell*DLOG(RK)-0.0036959*DLOG(RK }**2+l2.426*PD 

* -16.278*PD**2-3.0926*DLOG(RK ) *PD+0 . 00 19 1 5 1*DL0G ( RK ) ** 3 

* -0. 034069 *DLOG( RK) **2*PD+3. 3197*DL0G(RK)*PD**2 

* +2.5768*PD**3) 

FlNF=DEXp(6.038+0.28£97*DLDG(RK)-0.0796930*DL0G<RK)**2-42.035*PD 

* +94.701*PD**2-0.91135*DLOG(RK)*PD+O.0029629*0L0G<RK)’M‘3 

* +0.00 AO 28 1 *DLOG { RK I **2*PD+0. 80897*DL0G ( RK ) *PD**2 

* -69.049*PD**3) 

FW=l. 5287+0. 064 259*DL0GlRK)-0. 0064 623* DLGGIRK ) **2-6. 1759+EPSI 

* +11.059*EPSI**2+0.22176*DLCG(RK ) *FP S I +0 . 000 1 504 i*DLOG <R K ) 

* **3-0.00424 53*DLOG(RK ) **2*E P S I -0 . 1 097 1 *DLfJG I RK ) *E PS I **2 

* -7.2252*EPSI**3 
IF (FW.GE. 1.0 )FVii=L.O 

IF IFW.LE.O.C )FW=0.0 
K3=KE2-FW*(KE2-Kfcl ) 

PLOT 3 ( INDEX )=DLOG 10 ( K3/KC ) 

K2=KE1*F0 

PL0T2I INOtX)~DLOGlO(K2/KC) 

K 1 -K E2*F INF 

PLOT 1 ( INDEX )=DL0G10(Kl/KC ) 

C LICHTENK6R EO 

K = 1.5* (KD-KC) / ( (2.0*0SQRT(KD)+0SGRTIKCl ) M 2 .0*DS0R T (KC ) ♦ 

* DSORTIKC ) ) > 

K4={ KC**( PD*( 1 .0-K*E ) ) )*<KD**lt*( l.O+K*PD) ) ) 

PL0T4I INDEX >=DL0G10< K4/KC ) 

BK4= ( (K4-EXKC) /EXKE )*100. 

K40FF=UA8S ( BK4 ) 

SUM4BI =SUM4B I+BK4 
SQK4ER=K40FF**2 
SUMSQ4 = SUMSG4+SCJK4LR 
SUMK4E=SUMK4E+K40FF 
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GO TO 5 

6 ROCASE=HLOAT ( INDEX) 

AV6 I 4=SUM4B I /80CASE 
T4ERAV=SUMK4E/B0CASE 

T4ERVA=( { SuMSQA/BOCASE >-T 4ERAV**2 ) / 1000Q . 

WRITE (6, 576) AVB 14, T4ERAV, T4ERVA 
576 FORMAT ( 3X,3F20.5) 

WRITE (6, 200) INDEX, EXKE,Kl,K2»K3, K4 
200 F0KMAT(/,25X,I4,4X,5(F1Q.5,6X) ) 

WK l T F ( 6 , 5 7 2 > bK 1 , BK 2 , BK 3 

572 FORMA T ( 3X , ' BK 1= • , F7 • 2 » * BK2= , ,F7.2t* BK3=»,F7.2I 

WR ITL(6,b73> AVB I I , AVB 1 2 , AVB I 3 1 T 1 ER A V , T2ERAV, T3ERAV, T 1 ERVA , T 2ER V A , T 
*3LRVA 

573 FORMATl 3X,yFL2.6) 

CALL ORIGIN (2. 5, 3.5,1) 

CALL GRAPH {-1 73 » Y , PLOT 1 , 3 , -7 , -5 . , - 5. , 2 . , 0. , 2 . ,0. , XLAB, YLAB,GL AB, 
*DA TL AB ) 

CALL Of<IGIM8.5 t O., 1) 

CALL GRAPH (-173 •Y,PLOT2 t 3t-'7«-5. ,-5. ,2 . ,0 . , 2. ,0. ,XLAB ,YLAB,GL AB, 
♦DATLA3) 

CALL ORIGIN (8. 5, .1,1) 

CALL GRAPH(-173, Y.PL0T3, 3,-7,-5. ,-5. , 2. , 0 . , 2 . , 0. , XLAB , YLAB, GL AB , 
♦DATLAB) 

CALL UKIGINI8.5, . 1, 1 ) 

CALL GRAPH(-173,Y,PL0T4,3,-7,-5.,-5. ,2.,0.,2. ,0. , X L AB , YL A B, GL AB , 
♦DATLAB) 

CALL 0RIGIM8.5,.1,1) 

STOP 

END 

DOUBLE PRECISION FUNCTION F(P) 

IMPL ICI T REAL*8 ( A-Z ) 

COMMON MU,S IGMA,KC,KO 

F=0EXP(-C.5D0*( ( P-MU>/SIGMA)**2)*KC*KC/<PMKC-KD)+K0) 

RETURN 

END 

DOUBLE PRECISION FUNCTION H(P) 

IMPLICIT REAL*8 (A-Z) 

COMMON MU, SIGMA, KC,KD 
M*P*DEXP(-0.5D0*( < P-MU) /SIGMA >**2 ) 

RETURN 

END 

DOUBLE PRECISION FUNCTION F2(P) 

IMPLICI T REAL*H (A-Z) 

COMMON MU, SIGMA, KC,KD 

F2*DbXP(-0.5*( (P-MU)/SIGMA)**2»/(KC+(K0-KC)*P) 

RE TURN 
END 
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C 


C 


C 


THERMAL CONDUCTIVITY PREDICTED BY THE FOLLOWING 
MODELSO 1. MAXWELL 2. RAYLEIGH 3. MEREDITH 
AND TOBIAS A. BRUGGEMAN 
IMPLICIT RE A L*A ( A-Z ) 

INTEGERS I . INDEX 

DIMENSION SUM{lO)tPLOTI(I73)tPLOT2I 1 73 ) , PL0T3 t 173 > ,PL0TA(173>, 
*YI 173),XLAB(5) ,YLAB(5) ,GLAB(5) ,OATLABt5) 

DATA SUM ♦ INDEX/10*0.0»0/ 

SUM1BI=0. 

SUM2 B 1 = 0 . 

SUM38 1=0 • , 

SUMABI=0. 

SUMSQ1 =0 . 


SUMSQ2-0 • 
SUMSQ3=0. 
SUMS«A=0. 


SUMK 1 F = 0 • 
SUMK2E=0* 
SUMK 3E = 0 • 
SUMKAt=0. 


PI=3.1A159 

READ(5,5)XLAB,YLAB,GLAB,DATLAB 
5 FORMAT ( 20AA I 
1 WRITE(6,10C) 

100 FORMAT! 1H1, /'//// //////////, 2 5X, ' DATA* , 17X, ' EFFECTIVE THERMAL . CCNOU 
$C T I V I T Y ( KCAL/M— HR— K ) X 100 S//»25X f 'CASES IX , 

$• EXPERIMENTAL S' MAXWELL S' RAYLEIGH S 

$* MEREDITH S' BRUGGEMAN S/»30X, 
t* S' S' 


$* £ TOBIAS ',' ',/> 

2 READ(5»3»ENC=6) KC ♦ KD , PD » E XKE , CASE t CAS E 1 , C AS E2 

3 FORMAT! AF10.5,3AA) 

I NDE X= I NDE X+ 1 

Y I INDEX )=AL0G10(EXKE/KC) 


E= 1 . 0-P D 
MAXWELL EQ 

K1=KC*( KD+2«0*KC-2.0*E*(KC— KD ) ) / ( KD+2 . 0*KC+E* ( KC-KD ) ) 

PLOT II INDEX )=ALOG10(K1/KC) 

RAYLEIGH EQ 
Rl=(2.0*KC+KD)/l KC-KD } 

R2=(3.0*KC-3.0*KD)/(A.O*KC+3.0*KD) 

R3=10. 0/3.0 

K2=KC*(R1-2.0*E-0.525*R2*E**R3)/<R1+E-0.525*R2*L**R3) 

PLOT 21 INDEX)=ALOGIOIK2/KC) 

MEREDITH £ TOBIAS 

K3=KC*( A.O*KC+2.0*KD-2.0*E*IKC~KD) ) / I A . 0*KC+ 2. 0*KD+fc* ( KC-KD ) ) 

* MA.O#KC + 2.0*KD-E*(A.O*KC-KD) ) / ( A .0*KC+2 . 0*KD-E * ( KC + 2 . 0*KD ) ) 

PLOT 3 I INDEX ) = A10G 10 I K3/KC) 
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C BRUGGfcMAN 
K£FF=EXK£ 

10 Y1 = <kEFF-KO)/(KOKD>*(KC/KEFF)**I1./3. )-pd 
IF(ABS(Y1).LT..OOG5)GO TO 20 

YP = 1./ <KC-KC)*(KC/K£FF >**( 1./3. )~U./3. )*(KEFF-KD) / ( KOKI) > * ( KC** ( 1 
* • / 3 . ) >/<K£FF**{4./3. > ) 

KtFF=KEFF-( Yl/YP) 

IF ( KEFF . LE . 0 .0 ) KfcFF=l.0F-8 
GO TO 10 
20 K4=KEFF 

PLOT4(INDEX)=ALOG10(K4/KC) 

WRITE (6,200) INDEX,FXKfc,Kl,K2,K3,K4 
200 FORMAT (/t25X»t4,4X»5(FL0.5,6X) ) 

BKI=( (Kl-tXKE) /EXKE )#100. 

BK2= l ( K2-EXKE) /EXKE ) * ICO. 

BK3=< (K3-EXKE)/EXKE)*1C0. 

BK4 = < (K4-EXKEI/EXKE )*100. 

K10FF=ABS( BKl) 

K20FF=ABS( BK2) 

K30F F = ABS ( BK 3 ) 

K40F F^ABS ( BK4 ) 

SUM1BI=SUM1BI+BK1 
SUM2 B I = SUM 20 I *BK2 
SUM3BI=SUM3BI+BK3 
SUM4f3l = SUM4B I + BK4 
SUKIER=K10FF**2 
SQK2ER=K2CFF**2 
StiK3tR = K30FF**2 
SGK4ER=K40FF**2 
SUMSt) l-SUMSQ 1+SQKltR 
SUMS02=SUMSQ2+S0K2tR 
SUMSQ3=SUM$03+SGK3ER 
SUMSQ4=SUMSG4+SQK4fcK 
SUMK IF=SUMKIE+K10FF 
SUMK 2L = SIJMK2 E + K2QFF 
SUMK3t=SUMK3F+K30FF 
SUMK4F=$UMK4E+K40FF 
GO TO 2 

6 BOCASE=FLUAT < INDEX) 

A VB I 1 = SUMI8I /130CASE 
A VB I 2 = SUM 2 B I /BOG A SE 
AVBI 3=SUM3BI/00CASt 
AVBI4=$UM4BI/B0CASE 
T1ERAV=SUMK1L/B0CASE 
1 2ERAV=SUMK2F/B0CASb 
T3tRAV=SUMK3b/BOCASt 
T4ERAV=SUMK4E/B0CASE 

T1ERVA=( ( SUMSQl/BGCASE ) -T l ER AV**2 ) / LCCCO. 
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T2ERVA=USUMSQ2/B0CASE)-T2ERAV**2)/ 10000. 

T36RVA=! ISUMSQ3/BOCASE >-T3ERAV**2)/I0000. 

T4ERVA*! ( SUKSQ4/B0CASE ) -T4ER AV*,*2 ) / 10000. 

WKI IE <6,573) AVBI ltAVBlZ, AVBI3,AV0I 4, T1ERAV, T2ERAV, T 3ERAV , T 4ERAV , T l 
*ERVA ,T2ERVA,T3EKVA,T4ERVA 
573 F0RMAT(3X,8F8.2,4F12.4) 

GO TO 621 

CALL OAIGIN!2.5,3.5, 1) 

CALL GRAPH ( 173 , Y , PLOT l , 3 7 ,-5. »-5 . ♦ 2 . , 0 . , 2 . , 0 . , XLAB , YLAB ,GLA 6, 
♦DATLAB) 

CALL ORIGIN! 8.5,0.,1) 

CALL GRAPH! 1 7 3 , Y , PLOT 2 , 3 , - 7 ,-5 . ,-5.,2. ,0. ,2. ,0. , XL AB , YL AB ,GL A B , 
*DATLA8) 

CALL OR IGIN! 8.5,0. , 1 ) 

CALL GRAPH! 17 3 , Y , PLOT 3 , 3 , -7 5 . ,-5 . ,2. ,0.,2 .,0. , XLAB , YLAB , GLA 6 , 
♦DATLAB) 

CALL ORIGIN! 8.5,0., 1) 

CALL GRAPH! 173, Y, PLOT 4, 3, ~7, — 5 • »~ 5 • ,2.,0.,2.,0. , XLAB, YLAB, GLAB, 
*DATLAB) 

CALL 0RIGIN18.5,0.,1) 

621 CONTINUE 
STOP 
END 
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r ^-**AL :D\»DU:r WI TIES OA.OJLATEO 3< 7HE 
= 3-.3rfl\l3 M33EIS 1. *1 1 L Hr L H E7 Ai. 2. L I 2-4- 
r=ME;<E* ?-[3 3. XA^ASE* 

M^i:ir *tAi*4(A-z) 

IM7E3E<*4 l.IMOEX 

51 'lEMS I 3M SJ^W lO) f ?L3r(172>,V(l72)» XL Aft 151, 7143(5), GIAB(5),3 AT LAB< 
*3).»L3ri( 172>,c»LDT2( 1 72 > , Pi 07 3(1 72 ) 

5A74 SJM, I N3= K/ 10*0. D r 0/ 

S.H3I lO. 

> J13I 20. 

S JH3I 30. 

SJ^SD1=D. 

S-MS320. 

>3030. 

» J'K 1 E O. 

5 J'K 2 E O. 

>JM<3EO. 

P I = 3 . 1415 9 

<E4J(5.3>XLA3,Y_43,3_43,0A7;.43 
5 = J^ATt 2344) 

2 3EO( 5, 3.EVJ30) C , <3, P 3, E < K E , 3 A S E . : A SE 1 , : 4 S E 2 

3 =3*44T( 4F13.5, 344) 

I M3E X = [ OcX + 1 

7( IM3EX) =4L33i3( EX<E/C) 

E = l. 3-0 
dlOEO Er AL 
!=(>3.3E.3.5) 33 T3 31 
“ 1 =. > 

33 71 = '1M'Ul.>*A_3:im.M)/v|)-v|-P3 

IF(A JS( Vi) .17. .3008} 30 73 43 
Y:> = (2.3M*1.0)M,.0;;((i.3#'1)/'*)-2.3 
MO-Yl/Y:* 

33 73 33 
31 > 3 = 1 3 33 3. 

43 <7 = <>>)**3f<;*Ji,.»)**3)*<3/(OH*(<:-<3)JM1.3 + X*(1.3M|*|C-<D) 

*/(C*M»(<:-K3) ) *AL33( < CM 1.0+M)/(M*KD))) 

<3 = (I0. **. a59)*(10. *M3. 12MKD/U 00. *360. *P3 ))))*. 0036 

<1=1 33. M8 + K7 

37 1 ( I M3eX)=AL3310( <1/0 
_I CMLMtrCO 
< 2 = ( 0*0)M < 3 * * t ) 

>L 3T2{ 1 ^ 3 E X > =4.331 3< <2/<; ) 

<4V43E< 

M=lt .S^E 

4 = < 3-0 

<3 = < (VJ* EMC* <3)/(2.*4> )*((< <3/A) *4.03( 0/0 )-l.) 

>L.3r 3( I M3tX) =A. 33131 <3/0 
3 < 1 = I ( <l-tX<E» /rXXE ) #133. 
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n .<: 




3<2*m2-EX<e>/E«<E)*103. 

3<3 = ( ( C 3 - E X< 5 > /E«<r ) *133. 

<13= = «4iJS( BK1) 

<23=F=4BS( BK2) 

<33=r=HB3( B<3> 

3J1L 31 >SJH1BI*-3<1 
3 JM231 •SJM23If3<2' 

3 J M3 3 1 =S J'138I*>3<3 
33U E4=<13FF**2 
33<2f 3=<23FF**2 
33<3E3=<33FF**2 
3 JH>;}i=SJM$3lfS3<lE4 
3 J*3 32 = S JMS02i-S3<2E* 

S.MS33 = SJMS33*S3<3 = 4 

3 JH<L=»S J*K1 :K1 OFF 

3 J'K2E = 5 JMK2EK23FF 

3J'K3E = 5J V K3EK3 3FF 

<1 *1 F E { b, 2 33) I M3EK., =X<=,B<1'3<2*3<3 

2 3 3 = 3414T( 3K, 'CASE** . 13. ' E< <E = • , F 1 3. 5 , » 3= F 1 = • , F 7 . 2, • 3FF2 = \F 

*7.2,* 3F F 3 = ' » F 7 . 2 ) 

33 T 3 2 

b 3D345E = F_DAT ( I:\I3EX ) 

W3I 1 = 3 J'UBI 7333 45 E 
-W3I 2 = 5 JM2 6 1 7 33-4SE 
W 3 1 3 = 5J’33BI/ 3334SE 
riEBW = S3'1KlE733!E4SE 
T2EB4i/ = SJ'1<2E/33EASf 
r3E*!W = S J*1K3E7 333ASE 
n = 4M=riE4tf a 

riEBV4=((SJ^S3i/33:ftSE )-ri£UV**2) / 10003. 
r2EW4 = ( (SJMS32/ 33CA5E) - T2E4W**2 )/1000:). 
r3E4tfA=USU MS }3/83:ft5E)-r3E-<!W **2)710003. 

«aiTE( 6, 573) 4731 1,4V 312, 4 V3 I 3. T I E44tf> T2£ 44 <7. T3E44 <7 . U Efti/ A. T2 EKVA, T 
*35^4 

573 = 34H4r(3X,6F13.2, 3FU.4) 

S T 3 5 
E'O 



